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Abstract
Since its initial discovery in vivo, nitric oxide (NO') has become one of the most highly
studied and important biological molecules. Nitric oxide is a key participant in many
physiological pathways in the body; however its reactivity gives it the potential to cause
considerable damage to cells and tissues in its vicinity. Although excess production of NO' can
lead to damage and toxicity, the precise mechanisms underlying NO'-induced cellular toxicity
are still very unclear. One of the objectives of this study was to analyze in detail some of the
molecular targets of NO' within a cell. NO'-induced toxicity was investigated in two different
cell lines, Chinese Hamster Ovary (CHO-AA8) and Human Lymphoblastoid (TK6) over a range
of NO' doses (0-9 mM). Examples of damage parameters measured in this study include
inhibition of DNA synthesis, damage to mitochondria, loss of cell membrane integrity, apoptosis,
changes in cell cycle distribution and the occurrence of DNA strand breaks. Results indicate that
NO'-induced toxicity is a complex process involving multiple pathways eventually leading to
apoptotic cell death. The earliest observable effect of NO' exposure in both cell types is
inhibition of DNA synthesis which appears to be the result of DNA damage ultimately leading to
cell cycle arrest. Furthermore, results consistently demonstrate that TK6 cells are much more
susceptible to NO'-induced toxicity than CHO-AA8 cells.
In addition to investigating the toxic effects of NO', research was undertaken to better
understand peroxynitrite (ONOO-) DNA damage chemistry at the level of deoxynucleosides,
oligonucleotides, and plasmid DNA. Peroxynitrite, a powerful oxidant with hydroxyl radical-
like reactivity, is formed in biological systems from the rapid reaction between nitric oxide and
superoxide. Once formed, within or in close proximity to a target cell, ONOO- can react with
multiple cellular components including lipids, proteins and DNA. Results indicate that exposure
of DNA to ONOO- can lead to multiple DNA damage products including base modifications,
abasic sites, and single-strand breaks. A more detailed analysis revealed that two pathways,
direct sugar damage and cleavage of abasic sites, are most likely responsible for the observed
strand breaks. Surprisingly, experiments performed with individual deoxynucleosides indicate
that only deoxyguanosine shows significant reaction with ONOO (30%) while the remaining
deoxynucleosides exhibit minimal reactivity (2-3%). Furthermore, oxidation and nitration
products of deoxyguanosine, primarily 8-oxodG and 8-nitrodG, are even more reactive towards
ONOO- than deoxyguanosine itself. Experiments with ONOO--treated oligonucleotides suggest
that 8-oxoG may be the most important target of ONOO- in DNA. The main enzyme responsible
for the repair of the 8-oxoG/ONOO- adducts, at least at low ONOO- concentrations, appears to
be FaPy Glycosylase (Fpg). Also, no spontaneous depurination of the
8-oxoG/ONOO- adducts was detected.
Although both nitric oxide and peroxynitrite participate in key physiological processes,
several aspects of their reactivity and interactions with biological molecules are not well
understood. The results presented in this thesis provide new information on the potential impact
of nitric oxide and peroxynitrite on living cells. Furthermore, results from this study should
contribute towards a better understanding of the roles played by nitric oxide and peroxynitrite in
advancing the onset of mutagenesis and cell death in target cells and the involvement of these
processes in cancer and inflammatory diseases.
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1. Introduction:
The Chemistry of DNA Damage from Nitric
Oxide and Peroxynitrite
Introduction
Since its initial discovery, nitric oxide (NO') has become one of the most highly
studied and important biological molecules. Along with nitric oxide's many essential
roles in vivo, such as neurotransmission, vasodilation, and immune defense, it can also be
involved in reactions that may produce cell damage. A complete review is beyond the
scope of this article but some useful recent review articles include the following: [ 1-8].
This review focuses primarily on DNA damage resulting from NO' exposure in the
context of what is currently understood about the reactivity of NO' within a cell and in its
immediate vicinity.
Biological Importance of Nitric Oxide
Nitric oxide is a relatively unstable molecule that is potentially toxic due in part to
the high reactivity of its unpaired electron. It has long been studied as an environmental
pollutant because it is produced by the internal combustion engine and contributes to the
formation of photochemical smog, acid rain and is also involved in the destruction of the
ozone layer [3,9]. Due to nitric oxide's short lifetime in air (- 5-10 seconds), it was
surprising when it was found to play an important role in mammalian physiology.
Nitric oxide is biologically relevant due to its production by numerous different
cell types and its role in many physiological processes [5,9]. In fact, virtually every type
of mammalian cell is under the influence of NO' [10]. Nitric oxide facilitates
intercellular signalling due to its electrical neutrality and small size which allow it to
diffuse freely through cell membranes [ 11]. It has been demonstrated that the lipid
bilayer portion of the biological membrane is not a barrier to NO' [11 ]; therefore, NO'
can travel significant distances from its point of origin.
A particularly important role of nitric oxide is its involvement in host defense.
NO' is produced by macrophages as a cytotoxic agent in the immune or inflammatory
response as demonstrated by Marletta and independently by Hibbs [5,9,12-14]. NO' is
released in combination with numerous other species including superoxide, hydrogen
peroxide, FAS ligand, tumor necrosis factor, and inflammatory cytokines; however, NO'
is believed to be the key mediator of macrophage-induced cytostasis because NO'
scavengers block the cytostatic effect of macrophages [4,14,15]. In regions of
inflammation, especially chronic inflammation, local NO' production can be quite high
resulting in the availability of larger amounts for further reaction with oxygen or
superoxide to generate additional highly reactive species as discussed in later sections.
Chronic infection and resulting tissue inflammation from gastritis, hepatitis and
colitis are recognized risk factors for a variety of human cancers and it has been proposed
that reactive oxygen species formed during the inflammation response may play a role in
DNA damage and cellular injury [16]. Nitric oxide may also be intimately involved in
inflammation-related carcinogenesis because chronic inflammation involving constant
activation of macrophages can continue for several months and sometimes years [16,17].
Overproduction of nitric oxide can lead to mutagenesis and cell death. Nitric
oxide has been found to be mutagenic in a variety of different systems ranging from
bacteria [18-20] and mammalian cells [19,21,22] to an in vivo mouse model [23]. Nitric
oxide-induced toxicity has also been investigated in several different cell lines [24-27].
Results indicate that this is an extremely complex process involving multiple pathways
such as inhibition of DNA synthesis, damage to mitochondria, loss of cell membrane
integrity, apoptosis, changes in cell cycle distribution, and the occurrence of DNA strand
breaks [27]. Inhibition of the enzyme ribonucleotide reductase is also observed but this
appears to only be a temporary effect [28]. Other cellular toxicity mechanisms may also
be activated by nitric oxide. For example, nitric oxide and peroxynitrite have both been
shown to activate the nuclear enzyme poly(adenosine 5'-diphosphoribose) synthetase
[29,30].
Therefore, based on the essential biological roles of NO' such as vasodilation and
neurotransmission discussed above and the fact that NO' has been shown to be mutagenic
and genotoxic by inducing DNA damage, endogenous NO' can be considered a double-
edged sword with beneficial as well as detrimental roles in vivo.
Nitric Oxide Chemistry
The effect of NO' on cells ultimately depends on many complex conditions such
as the rate of NO' production and its rate of diffusion, the concentration of potential
reactants such as superoxide and oxygen, the levels of enzymes such as catalase and
superoxide dismutase, the levels of antioxidants such as glutathione, and the distances
between generator cells and target cells [31]. However, the reactions of NO' can be
broadly discussed with reference to three main processes which control the fate of NO' in
biological systems: diffusion, autooxidation to form nitrous anhydride, N203, and
reaction with superoxide to form peroxynitrite, ONOO- [8]. This section focuses on the
formation of these reactive species, which will be important in later sections detailing
DNA damage by the derivatives of NO'. The types of DNA damage that may arise from
NO' via ONOO- and N203 are briefly mentioned here. Peroxynitrite, ONOO , can
oxidize and nitrate DNA and may potentially cause single-strand breaks through attack on
the sugar-phosphate backbone. Nitrous anhydride, N203, can nitrosate secondary amines
to form N-nitrosamines which, after metabolic activation, can alkylate DNA through an
indirect mechanism. N203 can also directly nitrosate the primary amine functionalities
of DNA bases, leading to deamination. Both DNA-DNA cross-links and DNA-protein
cross-links can also be formed through NO'-derived reactive species.
Diffusion of Free Nitric Oxide
The chemistry of nitric oxide in oxygenated biological systems is extremely
complex due to the large number of chemical species formed and the numerous parallel
reactions to consider. The first pathway involves direct reaction of NO with cellular
targets after simple diffusion of NO'. Once produced, nitric oxide itself may directly
react with myoglobin or hemoglobin in the extracellular space [6,32,33]. Inside the cell,
free NO' can exert a number of diverse effects. Nitric oxide may react with the non-heme
iron or quench the tyrosyl radical in ribonucleotide reductase leading to enzyme
inhibition and inhibition of DNA synthesis [34,35]. Nitric oxide also inactivates
aconitase, a citric acid cycle enzyme with a catalytically active iron-sulfur cluster. In
addition, NO' is known to regulate the enzymatic activity of guanylate cyclase,
glyceraldehyde-3-phosphate dehydrogenase, cyclooxygenase, and cytochrome P450
mixed function oxygenases by its interaction with Fe-S centers, heme, and tyrosyl radical
groups [6,9,36,37].
A critical role of nitric oxide in vivo is the activation of soluble guanylate cyclase.
The neurotransmission and vasodilation actions of NO' are largely mediated by guanylate
cyclase after binding of NO' to the sixth coordination position of the enzyme's iron
protoporphyrin IX group to form a nitrosyl-heme [38-41]. Stimulation of guanylate
cyclase leads to the synthesis of the biologically important second messenger, cGMP and
subsequent activation of cGMP-dependent kinases in responder cells. Nanomolar
concentrations of NO' can activate guanylate cyclase and increase cGMP levels
[39,40,42].
Nitric Oxide Reaction with Superoxide to form Peroxynitrite, ONOO-
Nitric oxide also reacts to form additional reactive species that can participate in other
types of chemistry. One major fate of nitric oxide is reaction with superoxide anion
(02"'), to yield peroxynitrite, ONOO-. This is an extremely fast reaction due to the fact
that both species are radicals. The rate of the nitric oxide/superoxide reaction, with a rate
constant of 6.7 x 109 M- 1 s-, is near the diffusion limit [43-45]. This rate constant is
approximately 3.5 times larger than that for the superoxide dismutase (SOD)-catalyzed
decomposition of 02-" indicating that the nitric oxide/superoxide reaction may
predominate over the superoxide/SOD reaction. The formation of both nitric oxide and
superoxide does indeed occur simultaneously in cells such as macrophages, neutrophils,
Kupffer cells, and endothelial cells [46]. In the vicinity of these cells, peroxynitrite may
be present at high concentrations, although the mechanism and extent of ONOO-
formation are strongly influenced by the relative fluxes of 02-' and NO' [47,49].
The pKa of peroxynitrite is 6.8; it is protonated in acidic solution to form
peroxynitrous acid, which then decays rapidly to predominantly form nitrate.
Peroxynitrite is a potent one-electron and two-electron oxidant and can therefore oxidize
protein and non-protein sulfhydryls [49-51]. Peroxynitrite is also a nitrating agent; this is
supported by the observations that both nitrotyrosine and 8-nitroguanine are found in
cells that had been exposed to peroxynitrite [45,52,53]. The most important modulator of
peroxynitrite, both in vitro and in vivo, is carbon dioxide [54]. The rate constant for
reaction of peroxynitrite anion with carbon dioxide is 3 x 104 M-1 s-1; this indicates that
C02 greatly accelerates the decomposition of ONOO- [51]. This is one of the fastest
reactions known for peroxynitrite. Given the high concentrations of carbon
dioxide/bicarbonate in biological fluids (<25mM), it is believed that the reaction of
peroxynitrite with carbon dioxide will be the predominant pathway for decay of
peroxynitrite in vivo [51]. The initial intermediate in this reaction is postulated to be the
nitrosoperoxycarbonate ion, O=N-OOCOO-:
C02 + O=NOO -> O=N-OOC02-
which may rearrange to the nitrocarbonate ion, 02N-OCO2-. This anion is capable of
chemistry similar to that of peroxynitrite, including 1- and 2-electron oxidations and
nitrations [51,54,55]. In addition, hydrolysis of 02N-OC02- would yield nitrate, which
is also a product of peroxynitrite decomposition. There is, however, no direct evidence
for this species (02N-OC02-).
The balance between oxidation and nitration is influenced by a number of factors,
including the presence of carbon dioxide. Lymar and Hurst have studied the relative
formation of oxidation vs. nitration products by measuring the yields of 3-nitrotyrosine
and 3,3'-dityrosine formed when tyrosine is reacted with peroxynitrite [55]. As noted
above, nitrosperoxycarbonate is postulated to be the first intermediate in the oxidation
and nitration chemistry. In the absence of other reactants, this species decomposes to
bicarbonate and nitrate [55]. The mechanism of tyrosine oxidation and nitration is
postulated to involve an initial one-electron oxidation by 02N-OCO2 to generate
intermediate tyrosyl and N02 radicals. The formation of dityrosine rules out
nitrotyrosine formation by direct attack of a nitronium ion on tyrosine, and thus provides
evidence for one-electron chemistry. The 3-nitrotyrosine/3,3'-dityrosine ratio depends on
the pH, the tyrosine concentration, and the absolute reaction rate. The role of ONOO- in
DNA damage is discussed in a later section.
N203 from Nitric Oxide and Oxygen.
The other important reaction of nitric oxide is oxidation by molecular oxygen to
form the powerful nitrosating agent N203 [56]. A number of other nitrosating agents,
including the nitrosonium ion (NO +), nitrous acidium ion (NO-OH2 +), NOX, and N204,
may be important under certain conditions [56,57]. Formation of the nitrous acidium
ion, for example, is favored by high acidity via the reaction:
HONO +H + -+ H2NO2+
These species, however, are primarily important in acid-catalyzed nitrosation. The
predominant nitrosating agent arising from nitric oxide at physiological pH is N203 [58].
The rate of reaction of NO' with 02 to form N203 is second order in nitric oxide
concentration and first order in oxygen concentration. The rate equation is
Rate = k[NO] 2 [O21
where k= 3.5 x 106 M-2 s- 1 at 37 oC and 6 x 106 M-2 s- 1 at 22 OC [60]. Based on this
equation, it can be seen that the biological half-life of nitric oxide is dependent on the
initial nitric oxide concentration [59]. The second order dependency of autooxidation
dictates that tl/2 of NO' be inversely proportional to its concentration [60]. The
maximum concentration of nitric oxide in the cellular microenvironment has been shown
to be 0.45-10 nM which corresponds to a tl/2 of 1-500 seconds for NO' in air-saturated
aqueous solution [60].
The chemistry of N203 generated from nitrous acid has been studied extensively,
and the rate constants for the reactions of many compounds with N203 are known.
Reaction of N203 with thiols, for example, leads to S-nitrosation, and reaction with
glutathione may be sufficiently fast that this compound may be an effective scavenger of
N203 in vivo [7,61-63]. The reaction of DNA with nitrous acid, i.e., with acidic nitrite,
has also been extensively studied; the related reactions of N203 with primary and
secondary amines, and the relevance of these reactions to DNA damage are described in
the next section.
Nitric Oxide-Induced DNA Damage via the N203 Pathway
(selected structures shown in Figure 1)
The formation of N203 can lead to either direct or indirect damage. Direct
damage results from the nitrosation of primary amines on DNA bases ultimately leading
to deamination. Nitrosative deamination is also a well known consequence of the
reaction of primary amines with acidic nitrite. In fact, the chemistry of N203 formation
is nearly identical to that from nitrous acid, i.e. nitrite at an acidic pH, because it is the
anhydride of HNO2. The overall reaction rates for amines with N203 are actually higher
[7,57,58].
at neutral or basic pH than at acidic pH because of the increased concentration of free
amine under these conditions [64]. There are a number of other NO'-derived nitrosating
agents that may be important under other conditions. At physiological pH, however,
N203 formation from nitric oxide has been demonstrated to be most important [58].
Direct attack of N203 on DNA can lead to DNA deamination via diazonium ion
formation [64]. Hydrolysis of the diazonium ion completes the deamination. The end
result of this process is the net replacement of an amino group by a hydroxyl group. Any
DNA base containing an exocyclic amino group can undergo deamination upon reaction
with N203. Therefore, adenine, cytosine, 5-methylcytosine, and guanine can all be
deaminated to form hypoxanthine, uracil, thymine and xanthine respectively. The
potential consequences of these reactions vary from nucleoside to nucleoside.
Deamination of guanine leads to xanthine formation. Mispairing of xanthine can cause a
G:C -+ A:T transition. Xanthine is unstable in DNA and can depurinate readily leaving
an abasic site. The cell may replicate past the abasic site following the "A" rule, i.e., the
insertion of an adenine opposite the abasic site to give a G:C -* T:A transversion mutation
[65]. More likely, however, the abasic site may be cleaved by endonucleases resulting in
the formation of single-strand breaks [66]. Deamination of cytosine forms uracil which
can give rise to a G:C - A:T transition mutation through mispairing. Given the high
levels of uracil glycosylase in a cell, uracil can be easily repaired [67]. Methylation of
cytosine to form 5-methylcytosine and subsequent deamination to thymine could also
result in a G:C -+ A:T transition. In addition, the deamination of adenine to hypoxanthine
needs to be considered because mispairing of hypoxanthine with cytosine can lead to a
A:T -+ G:C transition.
Caulfield et al., 1998, have studied the relative rates ofNO'-induced deamination
of dG and dC in different environments in order to assess the importance of DNA
structure in determining the reactivity of the different bases towards nitric oxide [68].
Relative reactivity varied between deoxynucleosides, single and double stranded DNA.
In all cases xanthine formation was approximately twice that of uracil formation.
Recent evidence indicates that the reaction of deoxyguanosine with nitric oxide
might actually be more complex than previously expected. Multiple products in addition
to xanthine may be formed. Suzuki et al., 1996, have isolated a novel product, 2-
deoxyoxanosine, after nitric oxide treatment [69]. Oxanosine, the ribonucleoside of this
compound, had previously been isolated as a novel antibiotic in 1981 from a bacterial
culture. The compound 2'-deoxyoxanosine was synthesized from oxanosine and
exhibited a stronger antineoplastic activity than oxanosine. Whether 2'- deoxyoxanosine
is actually formed from nitric oxide is somewhat questionable because in the studies
carried out by Suzuki et al., the pH dropped to 2.9 and relatively high concentrations of
nitrite were employed [69].
Nitric oxide exposure can also lead to the formation of single-strand breaks in
DNA; this has been examined both in vitro and in vivo. Nguyen and co-workers
demonstrated that NO' causes both dose-and time-dependent DNA single-strand breaks in
TK6 cells [21]. When supercoiled plasmid DNA was treated extracellularly with NO',
however, no nicking of DNA was observed [8]. Surprisingly, when the same plasmid
was transfected into CHO cells after treatment it was found to contain strand breaks. The
most likely explanation for these results is that reaction with NO' results in the formation
of xanthine which can then depurinate to form an abasic site. Abasic sites are readily
cleaved by endonucleases to form single-strand breaks. This hypothesis is supported by
experiments in which the relative levels of abasic sites vs. single-strand breaks were
compared over time [8]. CHO cells were treated with NO' (85 nmol/ml min) for one
hour. Directly after exposure, only abasic sites were detected. After 12 hours abasic sites
were reduced to background but a high percentage of single-strand breaks were found
suggesting that strand breaks may have arisen via cleavage of the abasic sites. DNA
double-strand breaks were detected 24 hours later indicating that unrepaired single-strand
breaks can be converted to double-strand breaks that may lead to cytotoxicity.
DNA intrastrand, DNA interstrand, and DNA-protein cross-link formation have
been demonstrated upon treatment of DNA with nitrous acid [70,71]. This raises the
possibility that these products may be formed in NO'-treated DNA via the N203
intermediate. Using an HPLC-laser induced fluorescence system and a
ATATCGATCGATAT oligomer with a 5'-fluorescein label, Caulfield et al. 1997 have
found evidence for the formation of an interstrand DNA cross-link induced by NO'
treatment [72]. This cross-link formation is dose dependent and corresponds to -6% of
the deamination product xanthine. The DNA bases involved have not been identified yet
but most likely match the dG-dG interstrand cross-link previously observed following
nitrous acid treatment [71]. It is important to note that even if DNA cross-links are
formed in very small amounts, they may have serious long term consequences for a cell
by directly disrupting gene expression.
DNA Damage From Peroxvnitrite (selected structures shown in Figure 2)
In contrast to nitric oxide, which is involved primarily in the deamination
chemistry of DNA, most of the damage inflicted on DNA by peroxynitrite is oxidative.
DNA treatment with peroxynitrite generally leads to much more damage than treatment
with an equivalent dose of nitric oxide. In addition to the higher levels of damage present
in DNA after ONOO- treatment, the spectrum of damage also tends to be much more
complex. All of this makes sense given that peroxynitrite is intrinsically much more
reactive than nitric oxide.
Evidence that peroxynitrite is formed in vivo is steadily accumulating. As is the
case with nitric oxide, peroxynitrite's transient nature requires that its production in a cell
be monitored indirectly. Beckman and co-workers were among the first to examine the
formation of peroxynitrite from activated macrophages [73]. They detected significant
formation of peroxynitrite (as high as 0.11 nmol/nmol/106 cells.min) utilizing the
nitration of 4-hydroxyphenylacetate in the media as a marker of peroxynitrite activity.
Lewis et al., 1995 , performed a kinetic analysis of the fate of NO' synthesized by
activated macrophages using endproduct measurements of nitrite and nitrate (N203
hydrolysis forms nitrite while ONOO- decay leads to nitrate formation)[74]. Their results
indicate that approximately half of the released nitric oxide forms N203 while the
remainder combines with 02 to form ONOO-. Interestingly, it appears from the Lewis
study that ONOO" formation occurs partially extracellularly and not exclusively inside
the macrophage. This can be inferred from the observation that adding SOD to the media
significantly reduced ONOO- formation. If peroxynitrite formed only within the cell it
should not have been affected by the extracellular addition of superoxide dismutase.
deRojas-Walker et al., 1995 identified DNA deamination (xanthine) and oxidation
(8-oxodG, FAPY-G, and 5-hydroxymethyl-uracil) base products in DNA from activated
macrophages [75]. The formation of these products was inhibited by NG-methyl-L-
arginine, an inhibitor of nitric oxide synthase. The formation of both deamination and
oxidation products demonstrates that the effects of NO' produced by macrophages are
mediated not only by N203 but also by ONOO-. Immunohistochemical techniques,
using antibodies against 3-nitrotyrosine, have also been used to detect ONOO- in animal
models. For example, SJL mice bearing the RcsX lymphoma suffer from chronic
inflammation with activation of macrophages in the spleen and lymph nodes. Positive
nitrotyrosine staining in SJL mice tissue sections was observed in cells adjacent to iNOS-
expressing macrophages and also within the macrophages themselves [76].
Experiments performed in our laboratory indicate that peroxynitrite can cause
DNA strand breaks much more efficiently than nitric oxide. In fact, strand breaks are
observed in naked plasmid DNA treated with ONOO- levels as low as 2-5 uM [77]. In
contrast, as mentioned above, in vitro treatment of plasmid DNA with NO' resulted in no
detectable strand breaks even at millimolar concentrations of nitric oxide [8]. Using 3'-
32p end-labeled restriction fragments, King et al, 1992 were the first to observe the
random fragmentation of DNA exposed to peroxynitrite [78]. Salgo et al, 1995a,
confirmed and extended these results by showing single-strand break formation in
pBR322 supercoiled DNA treated with ONOO- [79].
An important question that needs to be addressed relates to the origin of
the ONOO'-induced strand breaks. Are they arising directly from sugar damage or
indirectly via base damage? Although many details remain to be confirmed, the answer
appears to involve a combination of both mechanisms. Accumulating evidence indicates
that ONOO- can react directly with the sugar moiety of DNA leading to sugar
fragmentation which generates a strand break. The mechanism of sugar damage is still
unclear but probably involves hydrogen abstraction leading to the formation of a sugar
radical which can then undergo subsequent reactions [30].
In support of the sugar damage hypothesis, Rubio et al., 1996, have reported that
treatment of deoxynucleosides with ONOO" leads to the formation of 2-thiobarbituric
acid-reactive substances, which appear identical to authentic base propenals according to
TLC migration patterns [80]. In a subsequent study, Yermilov et al. 1996, examined
thymine-propenal formation after reacting thymidine (10 mM) with ONOO- (1 mM).
Thymine propenal formation occurred with an extremely low yield of 0.02% and was
significantly inhibited by the presence of C02 in the buffer (as much as 88% inhibition
with 10 mM NaHCO3) [81].
In an attempt to assess the contribution of base modifications to indirect strand
break formation, we have measured abasic site formation and direct strand break
formation in the pUC19 plasmid treated with ONOO- (manuscript in preparation).
Immediately after treatment, no abasic sites were detected although direct strand breaks
were observed. Twelve hours after treatment, the number of direct strand breaks
remained constant but an equal number of abasic sites was also detected. This time
dependent formation of abasic sites indicates the formation of one or more base
modifications in ONOO--treated DNA which can possibly depurinate over time giving
rise to single-strand breaks.
Unlike N203 which can react with adenine, guanine, and cytosine, ONOO-
appears to react significantly only with guanine. This is not surprising considering that
guanine is generally accepted to be the site of lowest ionization potential in DNA [82].
HPLC analysis of ONOO--treated deoxynucleosides has revealed that as much as 30%
dG was destroyed by reaction with ONOO- (5 mM) while only 2-5% of the other
deoxynucleosides were lost (unpublished results). It is thus tempting to speculate that
only the reaction of ONOO" with dG will have important long term implications for DNA
fidelity. However, it should be emphasized that without any information available on
end-product mutagenicity, it is not possible to conclude that the small amount of reaction
between ONOO- and dA, dC, and dT does not have important genetic consequences for a
cell.
The two main types of chemistries attributed to ONOO- are oxidations and
nitrations [45]. Therefore it is not surprising that the two main products that have been
identified from the reaction of dG with ONOO- are 8-oxodG [77] and 8-nitrodG [83].
8-OxodG has long been regarded an attractive biomarker for monitoring DNA damage in
studies with various oxidizing agents. The role of 8-oxodG in mutagenesis and
carcinogenesis has been widely investigated and several studies have shown a correlation
between the formation of 8-oxodG and carcinogenesis. Unlike 8-oxodG, which is known
to cause G:C - A:T transitions, no mutagenicity data is available on 8-nitrodG.
The identification of 8-nitrodG appears especially significant because it may
provide an analytical tool for the measurement of ONOO--specific DNA damage. This is
because it has been suggested that the nitration reaction cannot be attributed to any other
types of DNA damaging agents. An analogous marker for peroxynitrite-specific protein
damage is nitrotyrosine [45]. As mentioned above, evidence for the presence of
peroxynitrite in vivo is largely based on the detection of nitrotyrosine in inflamed cells
and tissues. It is possible, however, that this detection method may have led to an
overestimation of cellular peroxynitrite levels. Halliwell and co-workers [84,85] have
recently discovered a novel reaction between nitrite and hypochlorous acid to form nitryl
chloride. Nitryl chloride reacts readily with tyrosine to yield nitrotyrosine, and it is
possible that this reaction contributed to the nitrotyrosine levels reported as arising from
peroxynitrite. The possibility that guanine can also be nitrated via this pathway has not
yet been explored.
An interesting feature of 8-nitrodG in DNA is that it depurinates rapidly with a
half life of about 4 h at 370 C [86]. This indicates that 8-nitrodG will lead to the
formation of abasic sites that can then be cleaved by base in vitro or by endonucleases in
vivo to give single strand breaks. This observation might then explain our findings
detailed above showing that time-dependent formation of abasic sites is seen in ONOO -
treated plasmid. It is likely that the abasic sites formed in the plasmid arise from
8-nitrodG depurination. This hypothesis, however, cannot be confirmed until a direct
correlation is made between 8-nitrodG formation and presence of abasic sites in ONOO -
treated plasmid. Until then, the possibility cannot be discounted that other base
modifications might also be present that are either directly alkali sensitive or depurinate
to form alkali labile sites.
Two other base modifications resulting from ONOO- treatment of dG have also
been reported. These include oxazolone 7 [87] and 4,5-dihydro-5-hydroxy-4-
(nitrosooxy)-2'-deoxyguanosine 5 [88]. Formation of oxazolone has also been detected
in ONOO- treated calf thymus DNA [87].
The formation of 8-oxodG in ONOO-treated DNA has been controversial for
some time although a cohesive picture is now finally emerging. A few reports in the
literature detected no 8-oxodG in ONOO--treated DNA [87, 86; 89]. Other studies have
managed to successfully 8-oxodG in ONOO--treated DNA [77, 90]. An important
observation, first made by Uppu et al. 1996, that 8-oxodG reacts very efficiently with
ONOO-, has helped solve the puzzle [89]. Once 8-oxodG is formed in DNA, it becomes
a better substrate for ONOO- than dG itself. Given this information, it is possible that no
8-oxodG was detected in some studies because it underwent further reaction. It is
therefore critical to use low ONOO- doses (low micromolar range) when investigating
8-oxodG formation in ONOO--treated DNA. Interestingly, experiments in our laboratory
have shown that 8-nitroguanine can also further react with ONOO" (unpublished
observations). Further reactivity of both 8-oxodG and 8-nitrodG means that it is not
possible to say with any certainty which one is the major product in ONOO--treated
DNA.
Recently, we have characterized three of the major products formed during the
reaction of 8-oxo-2'-dG and peroxynitrite (manuscript in preparation). At low
peroxynitrite treatments, 5-guanidinylidene-2,4-dioxoimidazolidine 1 is the sole
detectable product. With increasing peroxynitrite concentration, three additional products
appear, namely, parabanic acid 2, cyanuric acid 3 and a presently uncharacterized
compound. 1 is the major product of this reaction at ONOO- concentrations up to 1 mM.
Further oxidation of 1 yields 3 as a final product. Compounds 2 and 3, however, do not
react significantly with additional peroxynitrite. Furthermore, 1 is unstable to hydrolysis.
At pH 7.2, 1 undergoes hydrolysis with a half-life = 4.8 hours to yield 1-carboxyl, 3-
formyl urea via 5-azauracil. All the compounds mentioned above are 2'-deoxyribose
derivatives.
The rapid reaction between 8-oxodG and ONOO- might have important
implications considering the fact that 8-oxodG is formed in DNA by many DNA
damaging agents besides ONOO- such as y-irradiation, light sensitization, and Fenton
chemistry [77,91,92]. Preliminary results in our lab indicate that 8-oxodG is by far the
most important target in DNA exposed to ONOO-. 8-oxodG has long been used as a
marker of oxidative stress as it is generally considered a stable end-product of DNA
damage. Is it possible that we have been underestimating oxidative stress, at least in
situations involving long term free radical exposure to cells and tissues, by not taking into
account all the possible lesions formed? Issues like this cannot be fully addressed until
we have more structural information and until sensitive methods are developed to detect
these secondary oxidation compounds in vivo.
The secondary oxidation of 8-oxodG, after reaction with ONOO-, does not seem
surprising when one considers the rapid destruction of 8-oxodG by one-electron oxidation
photochemistry and by photosensitizer-generated singlet oxygen [93,94]. The
mechanistic pathways for these reactions have been elucidated in detail. The major
product has been characterized as cyanuric acid 3. Oxazolone 7, along with its
imidazolone precursor 6, and the 4R* and 4S* diastereoisomers of 4-hydroxy-8-oxo-4,8-
dihydro-2'-deoxyguanosine 4 are also formed. A careful examination of the
photosensitized oxidation of 8-oxodG has provided significant insight into the ONOO--
induced oxidation of 8-oxodG.
Most ONOO" DNA damage studies have been conducted in vitro using
deoxynucleosides, plasmid DNA or calf thymus DNA. However, deRojas et al. 1995,
identified DNA deamination (xanthine) and oxidation [5-(hydroxymethyl)uracil (5HMU),
2,6-diamino-4-hydroxy-5-formamidopyrimidine (FAPY-G) and 8-oxoguanine (8-oxoG)]
in the DNA of macrophages (RAW264.7) that had been activated with Escherichia coli
lipopolysaccharide (LPS) and mouse y-interferon (INF-y) [75]. The formation of these
products was inhibited by N-methyl-L-arginine (NMA), a nitric oxide synthase inhibitor.
NMA inhibited only the production of nitric oxide and had no effect on superoxide
production. These results demonstrate that NO' must play a dual role in damaging the
DNA of activated macrophages (via N203 and ONOO- formation).
Summary
The biological chemistry of nitric oxide is extraordinarily complex when viewed in time
and space. That is, a molecule of NO will freely diffuse from an emitting cell into a
space containing cells and extracellular matrix containing a wide array of NO'-reactive
substances [74]. The major reactive species present under these conditions are N203 and
ONOO- and transition metals such as iron liberated from Fe-S centers. Thus the major
chemistries of DNA interactions include nitrosative deamination, ONOO--oxidations and
nitrations and Fenton reactions (ferryl, hydroxyl radical). The relative balance of these
reactions will vary greatly depending upon the physiological chemistry of the tissue but
the overall effect will be both oxidation and deamination of DNA. The structural effects
of the combined chemical onslaught will include a wide variety of products, as illustrated
in Figure 3. The biological consequences include both cytotoxicity and mutagenicity.
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Figure Legends
Figure 1. (A) Structure of 2'-deoxyoxanosine. (B) Structure and possible
mechanism for the formation of a dG-dG interstrand cross-link through nitrosative
deamination. Both products have been reported to form upon nitrous acid treatment and
may also be generated from nitric oxide exposure.
Figure 2. Structures of selected modified bases discussed in the ONOO--DNA
damage section. 1 3a-hydroxy-5-imino-3,3a,4,5-tetrahydro-1H-imidazo[4,5-d]imidazol-
2-one, 2 parabanic acid, 3 cyanuric acid, 4 4-hydroxy-8-oxo-4,8-dihydro-2'-dG, 5 4,5-
dihydro-5-hydroxy-4-(nitrosooxy)-2'-dG, 6 2-amino-5[(2'-deoxy-f3-D-erythro-
pentofuranosyl)amino]-4H-imidazol-4-one, 7 2,2-diamino-4-[(2'-deoxy-b-D-erythro-
pentofuranosyl)amino]-5-(2H)-oxazolone.
Figure 3. Overview of DNA damage pathways resulting from nitric oxide exposure.
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2. A Mechanistic Analysis of Nitric Oxide-
Induced Toxicity
Abstract
NO°-induced toxicity was investigated in two different cell lines, Chinese
Hamster Ovary (CHO-AA8) and Human Lymphoblastoid (TK6), over a range of NO
doses (0-9 mM) delivered for an exposure of 2 hours. To determine both short term and
delayed effects leading to death, a range of assays was employed to decipher the major
mechanisms of cytotoxicity. Examples of damage parameters measured in this study
include inhibition of DNA synthesis, damage to mitochondria, loss of cell membrane
integrity, apoptosis, changes in cell cycle distribution, and the occurrence of DNA strand
breaks. Our results indicate that NO -induced toxicity is an extremely complex process
involving multiple pathways generally leading to apoptotic cell death. Results
consistently demonstrate that TK6 cells are much more susceptible to NO -induced
toxicity than CHO-AA8 cells. This difference in sensitivity could be seen for all types of
cellular damage examined. The earliest observable effect of NO exposure is inhibition
of DNA synthesis which is not the result of inhibition of ribonucleotide reductase but
may be the result of DNA damage leading ultimately to cell cycle arrest.
Introduction
Nitric oxide is a key participant in many physiological pathways in the body,
however, its reactivity gives it the potential to cause considerable damage to cells and
tissues in its vicinity. One of the first established roles of NO* was its capacity to
mediate the bactericidal and tumoricidal actions of macrophages [1].
The precise mechanisms underlying cellular toxicity caused by NO are still very
unclear. It is evident, however, that this is a very complex process and may involve
multiple pathways which lead to eventual cell death. To further complicate the picture, it
has been observed that sensitivity to NO• varies from one cell type to another and that
death may occur via either necrosis or apoptosis [2]. Presently, it is not yet known
whether toxicity mechanisms stimulated by NO differ depending on cell type or whether
there is a common pathway triggered in all cells.
Analysis of molecular targets of NO has shed considerable light on possible
mechanisms leading to NO-induced toxicity. Nitric oxide's known targets are diverse
and are located in all three major compartments of the cell: membrane, cytoplasm, and
nucleus. Three processes control the fate of NO in biological systems: diffusion,
autooxidation, and reaction with superoxide to form peroxynitrite [3]. All three of these
processes may contribute to the toxic effects of NO . The first pathway involves simple
cellular diffusion of NO0. NO* has been shown to react with a vast array of different
proteins especially ones that contain Fe-S centers, tyrosyl radicals, or thiols [4]. The
second pathway involves the reaction of NO with molecular oxygen to form electrophilic
nitrosating agents such as N203 ultimately resulting in DNA deamination and cross-
linking events which can lead to mutagenesis [5,6]. Situations also arise physiologically
where nitric oxide and superoxide are formed in close proximity. The reaction of NO
with 02 has diffusion-limited kinetics [7]. The product, peroxynitrite (ONOO-), is a
powerful one-electron and two-electron oxidizing agent; however, it does appear to be at
least somewhat selective in its reactions with biological molecules [7]. Peroxynitrite,
therefore, represents a potent cellular damaging agent as it can react with DNA, proteins,
and cell membrane lipids leading to cell injury and death.
The overall aim of this study was to attempt to elucidate some of the molecular
pathways which may be responsible for NO -induced cell death. The toxic effects of
nitric oxide towards two different cell lines, CHO-AA8 (chinese hamster ovary cells) and
TK6 (human lymphoblastoid cells), were analyzed using a spectrum of cellular damage
assays designed to target different cell death mechanisms. The results presented here
contribute toward a better understanding of the role played by nitric oxide in advancing
the onset of mutagenesis and cell death or in target cells and the involvement of these
processes in cancer and inflammatory diseases.
Materials and Methods
Materials. Alpha minimum essential medium without L-glutamine (a-MEM),
Dulbecco's modified Eagle's medium (DMEM), L-glutamine, calf serum, fetal bovine
serum, and penicillin/streptomycin solution (100units/ml, 100p~g/ml) were purchased
from Bio-Whittaker (Walkersville, MD). RPMI-1640 medium was obtained from JRH
Biosciences (Denver, PA). Trypan blue, hydroxyurea, cytidine, adenosine, guanosine, 2'-
deoxycytidine, 2'-deoxyadenine, 2'-deoxyguanosine, rhodamine 123, propidium iodide,
and Hoechst 33342 were purchased from Sigma (St Louis, MO). [Methyl- 3 H]
Thymidine (2.0 Ci/mmol, lCi = 37GBq) was purchased from Dupont-NEN (Wilmington,
DE). Nitric oxide gas (NO.) was supplied by Matheson (Glouster, MA). The cytotox 96
non-radioactive cytotoxicity assay kit was purchased from Promega (Madison, WI) and
the cell proliferation kit II (XTT) from Boehringer Mannheim (Indianapolis, IN). Silastic
tubing was obtained from Dow Coming (Midland, MI).
Cell Culture. Chinese Hamster Ovary cells (CHO-AA8) were grown in a-MEM
supplemented with 2 mM L-glutamine, 10% fetal bovine serum, 50 u/ml penicillin and
50 Itg/ml streptomycin. Human lymphoblastoid cells (TK6) cells were grown in RPMI
1640 medium supplemented with 10% calf serum, 50 u/ml penicillin and 50 jIg/ml
streptomycin. TK6 and CHO-AA8 cells were both grown in stirred suspension cultures
in a humid 5% C02-95% air atmosphere at 370C.
Nitric Oxide Treatment. Cells were treated with NO in a volume of 100 ml at a
concentration of 4x105 cells/ml. Nitric oxide was delivered into stirring cell suspensions
via a membrane delivery system as previously described [8]. In all experiments the
treatment time was 2-h and the amount of NO introduced was controlled by varying the
length of tubing. The total amount of NO delivered under these conditions was
determined by measuring the media concentrations of nitrate and nitrite using an
automated procedure previously described [9].
Measurement of Cell Cytotoxicity.
Plating Efficiency. Cell survival was routinely measured using a conventional plating
efficiency (PE) assay [10]. After treatment, cells were diluted to 10 cells/ml and plated in
triplicate into 96-well tissue culture plates (200 Rl/well). After 12 days at 370 C in a
humid 5% C02 incubator, the number of wells containing colonies was scored visually.
The surviving fraction was determined as the ratio of the plating efficiency [PE = -
In(number of wells without colonies / total number of wells)] of treated cells to that of
control cells.
Detection of Alterations in Mitochondrial Function.
XTTAssay. XTT is a tetrazolium salt which is metabolized by mitochondrial
dehydrogenases to a red formazan dye. Damaged mitochondria process this dye less
efficiently than normal mitochondria. This assay was performed using the cell
proliferation kit II (XTT) from Boehringer Mannheim exactly as described in the
instruction booklet.
Rhodamine Fluorescence Analysis. Rhodamine was used to investigate the effect of NO
on cellular mitochondrial function. Rhodamine 123 (R123) is known as a mitochondrial
energization-sensitive fluorescence probe [11]. Cells were incubated with 800 nM of
R123 for 10-min at 370 C in the dark. The cells were then washed three times with fresh
media to remove any R123 present extracellularly before being treated with NO . After
treatment, samples (5x106 cells/ml) were withdrawn at different time intervals for
fluorescence intensity analysis by flow cytometry using a green wavelength (530 nm).
Propidium iodide (PI) was added to each sample 5-min prior to analysis in order to
discount dead cells.
Loss of Cell Membrane Integrity.
LDHAssay. This is a colorimetric assay that measures the release of the enzyme lactate
dehydrogenase from lysed cells. It was performed using the Promega cytotox 9 6 TM non-
radioactive cytotoxicity assay as described in the instruction booklet.
Inhibition of DNA Synthesis and DNA Damage.
[3 H]Thymidine Uptake. After treatment, cells were grown in 24-well plates at a density
of 5x10 3 cells/well. [3 H]dT (1 pCi/ml) was added to the cells 24-h before the cells were
to be harvested. The cells were then repeatedly washed with PBS, resuspended in lysis
buffer (2% SDS, 10mM Tris-Cl pH 8, 10mM EDTA) after which the radioactivity of the
lysed cellular mixture was counted as described in Tamir et al [6].
Ribonucleotide Reductase Inhibition. Experiments to investigate the importance of NO
-induced ribonucleotide reductase inactivation were adapted from Lepoivre et al [12].
After NO• treatment, cells were plated in 24 well plates (5x10 3 cells/well). The media
was supplemented with 200 ItM 2'-deoxyadenosine, 200 ptM 2'-deoxyguanosine, and 0.5
pM 2'-deoxycytidine or the corresponding ribonucleosides as controls. The cells were
immediately pulsed with 1 p.Ci/ml [3H]dT. Cells treated with 10 mM hydroxyurea, a
competitive inhibitor of ribonucleotide reductase, were used as a positive control.
Nucleosides were always added to the media immediately after completion of the NO
treatment. At specific time intervals, cells were harvested and radioactivity was counted
as described above.
DNA Strand Break Analysis. Cells were labeled for 20-h with 0.02 ptCi/ml [14 C]
thymidine followed by incubation for over 2 h in fresh serum-free medium. After NO
treatment and various periods of post treatment, incubated cells were lysed as previously
described [6]. For the estimation of single-strand breaks, 0.05 M NaOH was added to the
cells just before lysis as described by Tamir et al [6].
Cell Cycle Analysis. After NO" treatment, the cells were incubated and samples
(106 cells/ml) were withdrawn at specific time intervals for cell cycle analysis. Cells
were stained for 30 min at 40 C with 50pg/ml propidium iodide in 0.1% sodium acetate
containing 0.2% Triton X 100. FACScan was then used to analyze the samples. Cell
cycle distribution was determined by using the Cellfit program or by manual gating.
Debris and dead cells were excluded on the basis of their forward and side light scattering
properties.
Apoptotic Cell Identification. After NO* treatment, cell samples (106 cells/ml) were
taken at various time intervals for apoptosis analysis. Cells were stained for 10-min at
room temperature with propidium iodide (50 ptg/ml) and Hoechst 33342 (4 pg/ml) and
examined under a fluorescence microscope. Counting was performed using a
hemocytometer [13].
Results
Plating Efficiency. Figure 1 summarizes the toxicity results by conventional plating
efficiency of CHO-AA8 and TK6 cells treated with NO . It is apparent that NO is toxic
to both CHO-AA8 and TK6 cells as cell survival in both cases is inversely correlated to
the administered NO" dose. However, it is interesting to note that TK6 cells exhibit an
enhanced sensitivity to NOO as compared to CHO-AA8 cells. For example, < 12%
survival was observed in TK6 cells at a NO* dose of 1.8 mM (15 nmol/ml/min) while
45% survival of CHO-AA8 cells results from a 1.9 mM NO (16 nmol/ml/min) treatment.
Effect of NO* on Mitochondrial Function. The effect of NO" on mitochondrial activity
in CHO-AA8 and TK6 cells was investigated using two separate assays in an effort to
examine different aspects of mitochondrial function.
XTTAssay. This assay indirectly determines cell viability by measuring the activity of
mitochondrial enzymes. XTT, a tetrazolium salt, is metabolized by mitochondrial
dehydrogenases to form a formazan dye which can be monitored spectrophotometrically.
XTT data comparing CHO-AA8 and TK6 cells treated with nitric oxide is presented in
Figure 2. Interestingly, no decrease in mitochondrial enzyme activity was observed in
CHO-AA8 cells after 24 hours even at nitric oxide doses as high as 9 mM
(75 nmol/ml/min). In contrast, TK6 cells showed substantial mitochondrial damage after
24 hours at doses as low as 1 mM (8 nmol/ml/min).
Rhodamine 123 Assay. The possibility that NO may interfere with mitochondrial
function was further examined by measuring the intensity of rhodamine fluorescence in
NO -treated cells. As seen in Figure 3 the fluorescence intensity of R123 can be clearly
visualized by FACScan analysis. Figure 3A shows that there is no apparent difference in
R123 fluorescence intensity between CHO-AA8 control and NO -treated cells. However,
for TK6 cells, there are two cell populations with different R123 fluorescent intensities
observed in NO -treated cells (Figure 3B). One population is analogous to the control
while the other exhibits reduced fluorescence compared to the control. This suggests the
presence of a specific sub population of cells that might be more sensitive to NO . Two
distinct cell populations were not seen in NO°-treated CHO-AA8 cells although a wide
range of NO' concentrations were used (2-5 mM). However, a gradual small decrease in
R123 fluorescence intensity could be seen over time (data not shown). This analysis only
represents the population of live cells because dead cells were eliminated by counter
staining with propidium iodide which can only permeate dead cells.
Loss of Cell Membrane Integrity. Damage to the cell membrane can lead to cell lysis.
The effect of NO' on cell membrane permeability was investigated using the lactate
dehyrogenase (LDH) leakage assay. The lysis of NO -treated CHO-AA8 and TK6 Cells
was studied at various time periods after treatment by measuring LDH activity in the
media. Time dependent increases in LDH activity could be seen in both cell types after
treatment at different doses, 2 mM NO° (17 nmol/ml/min) for TK6 cells and 3.5 mM NO
(29 nmol/ml/min) for CHO-AA8 cells (Table I). Significant increases in LDH leakage
were not seen before 24-h after treatment for TK6 cells and 48-h after treatment for CHO-
AA8 cells. It is also interesting to note that the extent of LDH leakage from NO -treated
CHO-AA8 cells after 48-h (17 + 4) was much less than that from TK6 cells (41 + 6)
even though the latter were treated with less NO*.
Inhibition of DNA Synthesis and DNA Damage.
[3 H]Thymidine Uptake. The effect of nitric oxide on DNA synthesis by CHO-AA8 and
TK6 cells was compared by measuring the uptake of 3H-thymidine over a period of
several days. Results depicting DNA synthesis inhibition 24-h after treatment can be
seen in Figure 4. DNA synthesis in both cell lines decreased significantly after treatment
with NO*. An approximate 1 mM dose (8 nmol/ml/min) results in a dramatic 50%
reduction in DNA synthesis in both cell lines. However, TK6 cells display more striking
reductions in DNA synthesis than CHO-AA8 cells at higher treatment levels. For
example, an approximate 2 mM dose of NO° (17 nmol/ml/min) drops DNA synthesis in
TK6 cells to 22% of the control value whereas a similar dose only results in a decrease to
45% of the control value for CHO-AA8 cells.
Ribonucleotide Reductase Inactivation. We also investigated the effect of NO on the
enzyme ribonucleotide reductase in order to examine the role of inhibition of this enzyme
in NO°-mediated toxicity. Deoxyribonucleosides were added to the media immediately
after NO* treatment. Hydroxyurea (10 mM), a reversible inhibitor of ribonucleotide
reductase, was used as a positive control. The level of DNA synthesis was measured
4-48 hours after treatment. The results for both CHO-AA8 and TK6 cells are outlined in
Table II. In both sets of positive controls it can be seen that adding deoxyribonucleosides
to HU-treated cells leads to a significant increase in DNA synthesis compared to cells
treated with HU in regular media or media containing ribonucleosides (Tables IIA and
B). However, the addition of deoxyribonucleosides to NO -treated CHO-AA8 cells did
not result in any increase in DNA synthesis compared to control cells (Table IIA).
Temporary inactivation of ribonucleotide reductase was detected in TK6 cells (Table
IIB) when DNA synthesis was measured 4.5-h after treatment. DNA synthesis in TK6
cells grown in media containing deoxyribonucleosides is almost twice as high as the
values obtained for cells grown in regular media or media supplemented with
ribonucleosides. However this effect had vanished by the next time point, 17-h after
treatment. It should be mentioned here that treated cells grown in regular media, media +
deoxyribonucleosides, or media + ribonucleosides were normalized according to
appropriate controls (ie. untreated cells in regular media, + deoxynucleosides or +
ribonucleosides).
Formation of NO-Induced DNA Strand Breaks. Nguyen et al. [14], reported the
formation of DNA single-strand breaks in TK6 cells treated with NO. Here we confirm
these results by showing single-strand break formation in both CHO-AA8 and TK6 cells
after NO treatment. CHO-AA8 and TK6 cells were treated with 4.5 mM NOO
(38 nmol/ml/min) and 1.8 mM NO (15 nmol/ml/min), respectively, and formation of
DNA strand breaks was measured as described in experimental procedures. NOO induced
the formation of strand breaks in both cell lines (Table III). TK6 cells were found to be
much more sensitive to the formation of NO -induced strand breaks than CHO-AA8
cells.
Effect of NO* on the Cell Cycle. DNA damage and inhibition of DNA synthesis can
affect the cell cycle which may lead to cell death. In order to determine whether NO*
interferes with the cell cycle, NO -treated CHO-AA8 and TK6 cells were stained with PI
and flow cytometry was used to analyze the stained DNA. Figure 5 illustrates cell cycle
differences between control and treated CHO-AA8 and TK6 cells. The results indicate
that NO' blocks the cell cycle of CHO-AA8 cells in the G2/M phase. Treated cells
appear to progress through the cycle uninterrupted until they reach G2/M which they
seem unable to exit. The pattern of changes in the cell cycle distribution of NO°-treated
TK6 cells was found to be somewhat different in that NO° blocked the cell cycle of TK6
cells in the S phase 24-h after treatment (Fig 5).
Apoptotic Death of NO -Treated CHO-AA8 and TK6 Cells. It has been suggested
that NO° can trigger apoptosis in certain cell types [15-17]. In order to explore this
possibility, CHO-AA8 and TK6 cells were treated with 1-3 mM NO° and the onset of
apoptosis was examined in both cell lines. Figure 6 represents a fluorescence
microscopic analysis of TK6 cells undergoing apoptosis. Cells were stained
simultaneously with Hoechst 33342 and PI and the apoptotic cells were counted. Percent
apoptosis in the two treated cell lines is presented in Table IV. CHO-AA8 cells proved to
be more resistant to the induction of apoptosis by NO . Apoptosis was observed as early
as 8-h after treatment in TK6 cells whereas it could not be seen in CHO-AA8 cells until
at least 24-h after treatment. Approximately 20% apoptotic cells were found after
exposure of CHO-AA8 cells to 3.5 mM NO (29 nmol/ml/min) and TK6 cells to only 2
mM NO (17 nmol/ml/min).
Discussion
Cytotoxicity and DNA damage resulting from excessive production of nitric oxide
in vivo have the potential to trigger many diseases including various types of cancer.
Although the nitric oxide dose levels administered here are probably higher than normal
physiological concentrations, endogenous NO is continuously generated over long
periods of time in certain disease states. Chronic inflammation involving constant
activation of macrophages can continue for several months and sometimes years [18].
Furthermore, in areas of high NO production, the local concentration of NO° might
depend on proximity to multiple, not individual, activated macrophages.
The effect of NO° on cells ultimately depends on many complex conditions such
as the rate of NO* production and its rate of diffusion, the concentration of potential
reactants such as superoxide and oxygen, the levels of enzymes such as catalase and
superoxide dismutase, the levels of antioxidants such as glutathione, and the distances
between generator cells and target cells [8]. Numerous studies have reported the
cytotoxic effects of NO using nitric oxide donors or by directly bubbling NO° gas into
anaerobic solutions [19-24]. The membrane delivery system used here probably better
reflects physiological conditions for several reasons. Membrane delivery maintains a
constant steady state of NO° for several hours whereas NO -releasing drugs usually result
in a variable rate of NO' generation. Bubbling of NO° directly into solution also leads to
variable NO concentrations. The rate of NO* production is an important consideration
because dose rate can indirectly affect the final cellular response through influencing the
underlying chemistry. For example, while N203 formation is proportional to the square
of the NO* concentration, ONOO- formation only depends on the NO' concentration. In
other words, a variation in the rate of NO' production can influence the relative levels of
N203 and ONOO- formed within a cell.
The issue of side product formation from NO -releasing drugs also needs to be
addressed. Sodium nitroprusside decomposition leads to cyanide formation which is
toxic to cells. S-nitroso-N-acetyl-D,L-penicillamine (SNAP) produces N-acetyl-D,L-
penicillamine which is known to be a metal chelator. NONOates, which constitute a
family of NO releasing drugs, are known to bind directly to DNA. Taken together, all of
these considerations serve to highlight the difficulties encountered when attempting to
interpret toxicity data using cells treated with NO -releasing drugs.
The precise mechanisms associated with NO -induced cellular damage and
toxicity are very complicated and not well understood. This is not surprising considering
the fact that NO* ultimately challenges a cell with a variety of reactive species including
N203 and ONOO-. This study presents a detailed analysis of the molecular targets of
NO . The experimental strategy utilized here was designed so as to target different
pathways of cell death. All experiments were performed on two different cell lines,
CHO-AA8 and TK6 cells, in order to obtain additional information on how NO -induced
toxicity might differ depending on cell type. Examples of damage parameters examined
include mitochondrial damage, DNA synthesis inhibition, formation of DNA strand
breaks, ribonucleotide reductase inactivation, cell membrane damage, perturbations in the
cell cycle, and apoptosis. The overall objective was to achieve a more advanced
understanding of the mechanisms underlying NO -induced cellular toxicity.
Initial experiments involved treating CHO-AA8 and TK6 cells with different
doses of nitric oxide and determining toxicity by plating efficiency. Plating efficiency is
one of the most reliable indicators of toxicity since it measures the ability of a single cell
to proliferate and form a colony over a 7-12 day period. Although plating efficiency did
not yield any information on the mechanism of cell killing, it clearly indicated that NO is
toxic to both cell types as a dose-response relationship was obtained in both cases
(Figure 1). It is also interesting to note that there is a significant sensitivity differential
between CHO-AA8 and TK6 cell killing by NO . An approximate 2 mM
(17 nmol/ml/min) dose of NO is almost four times as toxic to TK6 cells than CHO-AA8
cells.
The primary goal of this study was to identify specific damage processes which
may contribute to the observed toxicity. Therefore, the ability of NO* to damage
mitochondria was examined. Two separate approaches were utilized for this purpose:
1) the XTT colorimetric assay, and 2) a flow cytometric analysis of the intensity of
rhodamine fluorescence. XTT is a yellow tetrazolium salt which is readily taken up by
cells and metabolized by mitochondrial dehydrogenases to a red formazan dye. Thus, the
application of this assay provides information on the activity of mitochondrial enzymes.
Rhodamine 123 is a cationic fluorochrome which is specifically taken up and retained by
the mitochondria of live cells [11]. It is generally considered to be an indicator of
mitochondrial membrane potential [11 ]. Healthy mitochondria which are able to
maintain an adequate membrane potential retain this dye within the inner membrane. A
reduction in mitochondrial membrane potential causes the dye to leak out of the
mitochondria resulting in reduced R123 fluorescence when analyzed by flow cytometry.
The cells were also counter-stained with propidium iodide in order to distinguish between
live and dead cells. The combined utilization of these two distinct assays allowed for a
more powerful analysis of the effect of NO on mitochondrial function since it permitted
the examination of different aspects of mitochondrial metabolism. Results from both
assays (Figures 2 and 3) show a striking difference between CHO-AA8 and TK6 cells.
No decreases in mitochondrial enzyme activity or changes in membrane potential were
observed in CHO-AA8 cells 24-h after treatment. However, TK6 cells exhibited
decreased mitochondrial function at doses as low as 1 mM. Furthermore, the R123
results suggest (Figure 3B) that there is a sub-population of TK6 cells which are more
sensitive to NO°-induced mitochondrial damage compared to the remaining cell
population which appears to have no mitochondrial damage. If all the cells had sustained
damage to mitochondria, there would have been a uniform shift to reduced fluorescence
of R123 compared to control cells. The sub-population of TK6 cells that are more
susceptible to NO" could not be observed with the XTT assay since it is not possible to
measure mitochondrial activity on the level of a single cell as is the case with flow
cytometry. It should also be mentioned here that in both the XTT and R123 assays it is
not possible to distinguish between inhibition of mitochondrial function and an actual
decrease in the number of mitochondria per cell. Both of these situations would have a
similar impact on assay results.
Mitochondrial damage can indirectly lead to cell death in many ways. NO can
directly inhibit certain mitochondrial enzymes particularly those containing Fe-S centers
or thiol groups [25]. Inactivation of enzymes containing Fe-S centers can lead to the
transient release of iron which then becomes available for participation in Fenton
chemistry and hydroxyl radical induced damage [26,29]. Cytochrome oxidase is
considered to be a major target of NO° since NO° can reversibly bind to it and thus
compete with oxygen for this enzyme [26]. In this way, NO' can lead to mitochondrial
deenergization which may then inadvertently trigger calcium release [27]. Disturbances
in mitochondrial calcium levels can be fatal to a cell through excessive calcium cycling
across the inner mitochondrial membrane which can have serious consequences such as
disruption of mitochondrial membrane potential, ATP depletion, and cell death [28]. It
has also been reported that these processes can activate the apoptotic mode of cell death
[28]. Stable maintainence of mitochondrial membrane potential can, in some cases,
inhibit the onset of apoptosis.
Also, NO' can inhibit certain glycolytic enzymes such as glyceraldehyde-3-
phosphate dehydrogenase [29]. Simultaneous disruption of both glycolysis and
mitochondrial energy metabolism will have a severe impact on the ability of a cell to
sustain its energy sources and can lead to cell death via ATP depletion. Furthermore,
mitochondria are one of the main sources of superoxide in the cell. Damaged
mitochondria may have increased superoxide leakage leading to peroxynitrite formation
which may further aggravate the existing damage.
Loss of cell membrane integrity can also lead to cell death. To examine the role
of NO in mediating cell membrane damage, leakage of the enzyme lactate
dehydrogenase (LDH) was measured. As seen in Table I, some leakage of lactate
dehydrogenase can be seen in both treated TK6 and CHO-AA8 cells. However, no LDH
leakage was observed before 24-h in TK6 cells and 48-h in CHO-AA8 cells. The LDH
assay is often used as a test for necrosis since necrosis involves cell lysis and spilling of
cellular content into the immediate environment [2]. During apoptosis, however, the cell
membrane remains intact. The LDH results shown here introduce the possibility of some
necrosis occurring in both cell types. However, these results need to be interpreted with
caution since they may represent the onset of secondary necrosis following apoptotic cell
death which can sometimes appear as an artifact in tissue culture models [2]. This may
be the situation here since LDH leakage was observed after the onset of apoptosis in both
TK6 and CHO-AA8 cells (Table IV).
Disruption of DNA synthesis can interfere with cell replication and lead to cell
death. Results in Figure 4 indicate that nitric oxide has an inhibitory effect on DNA
synthesis in both CHO-AA8 and TK6 cells. Again, TK6 cells were found to be more
sensitive to DNA synthesis inhibition than CHO-AA8 cells. DNA synthesis was found to
be the first parameter affected by NO. Decreased DNA synthesis could be observed
almost immediately after NO treatment. Two possibilities for the observed inhibition of
DNA synthesis were considered: 1) inactivation of the ribonucleotide reductase enzyme,
and 2) the presence of DNA damage. Ribonucleotide reductase contains a stable tyrosyl
free radical that can be quenched by NO* [12,29,30]. In addition, this enzyme contains a
non-heme iron and several thiol groups which are also potential targets for NO [12,31].
The contribution of ribonucleotide reductase inactivation to NO -induced DNA synthesis
inhibition was assessed by adding deoxyribonucleosides to the cell culture media in order
to bypass the functional requirement for this enzyme. DNA synthesis was then measured
at specific time points after treatment. No inhibition of ribonucleotide reductase was
detected in CHO-AA8 cells treated with NO* (Table IIA) even when DNA synthesis was
measured immediately after treatment (data not shown). However, temporary
inactivation of this enzyme was observed in NO -treated TK6 cells 4.5-h after treatment
(Table IIB). The enzyme had apparently recovered by the next time point at 17-h after
treatment. This indicates that the enzyme is at least partially inactivated by NO;
however, this effect is temporary and rapidly reversible. Furthermore, ribonucleotide
reductase inactivation does not appear to be the only factor responsible for DNA
synthesis inhibition because DNA synthesis in NO -treated cells lagged behind control
cells by a significant amount (50%) even after the addition of deoxyribonucleosides.
This, then, strongly suggests that DNA synthesis inhibition induced by NO* might
initially begin at least partially via a rapid but temporary inactivation of ribonucleotide
reductase. However, the enzyme quickly recovers so prolonged inhibition of DNA
synthesis can only be attributed to other more severe longer lasting events such as DNA
damage. It has also been reported that DNA synthesis inhibition leads to increased
synthesis of ribonucleotide reductase [32] which may explain why enzyme inactivation is
not of critical importance to NO - treated cells.
The possibility that NO -induced DNA damage might be at least partially
responsible for the observed disruption of DNA synthesis was investigated by measuring
single-strand break formation in CHO-AA8 and TK6 cells after NO treatment
(Table III). Single-strand breaks were detected in both cell lines, 12-h after treatment.
Although no single-strand breaks were found immediately following NO° treatment, the
presence of abasic sites was detected at this time point (data not shown; see reference 3).
Abasic sites were reduced to background 12-h later. This indicates the conversion of
abasic sites to single-strand breaks probably through the pathway of nucleotide excision
repair. DNA double-strand breaks which may accelerate cell death were found 24-h later
(data not shown; see reference 3). These results correlate with the hypothesis that
primary lesions induced in DNA can be converted to more complicated secondary and
tertiary lesions by the cellular repair machinery which may have far more serious
consequences for the cell than the original lesions [33].
Due to the fact that DNA damage can trigger delays in cell cycle progression, the
effect of NO* on the cell cycle in both CHO-AA8 and TK6 cells was investigated.
Figure 5 depicts the cell cycle progression of both control and NO -treated cells. As can
be seen in Figure 5A TK6 cells arrest in the S phase after NO treatment. However,
CHO-AA8 cells accumulate in the G2/M phase after NO' treatment (Figure 5B). It has
been previously reported that nitric oxide blocks the cell cycle of mouse macrophage-like
cells (Mml cells) in the G2/M phase [34]. The primary checkpoint in these cells occurs
within the GI phase, however, NO" appears to abrogate this checkpoint. As a possible
explanation, Takagi et al [34] have postulated that NO° affects the microfilament system
of Mml cells, therefore, resulting in G2/M arrest.
It is well known that DNA damage can cause arrest at different checkpoints
within the cell cycle. G1 arrest is generally correlated with increased time for nucleotide
excision repair whereas G2 arrest can be triggered by DNA double-strand breaks [33].
S phase arrest is also linked to nucleotide excision repair and a reduction in the rate of
initiation of DNA synthesis at new replicons [33,35]; however, S phase arrest is not as
common as GI or G2 arrest. Furthermore, cells blocked in the S phase may have the
additional advantage of being able to utilize many enzymes involved in nucleic acid
metabolism that are S phase specific [33]. Therefore, depending on the spectrum of DNA
damage incurred by cells, different cell cycle checkpoints may be activated.
To establish whether TK6 and CHO-AA8 cells die via apoptosis, cells were
stained with propidium iodide and Hoechst 33342 and analyzed under a microscope for
the presence of fragmented DNA in the nuclei (Figure 6 and Table IV). Apoptotic death
could be seen in both cell types after NO* treatment although TK6 cells were more
sensitive than CHO-AA8 cells. The onset of apoptosis was also observed earlier in TK6
cells. Apoptosis could be observed in TK6 cells as early as 8-h after treatment whereas it
was not detected in CHO-AA8 cells until 24-h after treatment.
The p53 gene is considered to be one of the primary players involved in regulating
cell cycle arrest and apoptosis. Cells containing wildtype p53 generally respond to DNA
damage by either arresting at the GI phase of the cell cycle or undergoing apoptosis if the
damage is too extensive [36]. CHO-AA8 cells do not have a wild type p53 gene, the
gene is either inactive or exists in a mutated version [37]. TK6 cells do retain a wild type
p53 gene [38]. Although NO -induced p53 expression has been reported previously
[39-42], the possibility of p53 involvement in cell cycle arrest and apoptotic death of TK6
cells cannot be discussed here as p53 activation after NO treatment was not investigated
in this study.
The cytoplasmic membrane protein product of the bcl-2 gene was the first
negative regulator of mammalian cell death to be identified [43]. Although, it was
initially assumed that Bcl-2 directly inhibited p53-dependent apoptosis it now appears
that certain p53-independent mechanisms are also inhibitable by Bcl-2 [43].
B cell lymphoma-2 (bcl-2) proto-oncogene expression has been shown to confer
resistance to NOO-mediated apoptosis in P815 tumor cells [44] and in the mouse
macrophage like cell line RAW 264.7 [42].
It is also important to keep in mind that other toxicity mechanisms not studied
here may also exist within a cell. For example, it has been previously reported that nitric
oxide can activate the nuclear enzyme poly(adenosine 5'-diphosphoribose) synthetase
[PARS; 45,46]. The presence of strand breaks activates this enzyme to add ADP-ribose
units onto itself and other proteins which ultimately depletes the cell of energy reserves.
In this way, enzyme activation can be lethal to a cell. However, Salzman and co-workers
have recently reported that while they found ONOO to be a potent PARS stimulator, NO
alone had only a minimal activation effect on the enzyme [47]. They suggest that
previous studies correlating PARS induction with NO* exposure reflect an injury process
triggered primarily by ONOO. Whether PARS activation contributes to NO-mediated
toxicity in CHO-AA8 and TK6 cells is not known because this process was not
investigated in this study.
In conclusion, NO -induced toxicity is an extremely complex process involving
DNA synthesis inhibition, mitochondrial inactivation, cell membrane lysis, cell cycle
arrest, DNA strand break formation, and apoptosis. TK6 cells were found to be much
more susceptible to NO -induced toxicity than CHO-AA8 cells which suggests that the
cytotoxic action of NO ° may be cell specific. Several reasons for the differential
sensitivity can be proposed. For example, CHO-AA8 cells may possess more efficient
DNA repair proccesses or higher concentrations of antioxidants. Alternatively, these
factors may be present in combination or act synergistically. Luperchio et al.
investigated the protective effect of glutathione on NO -induced cellular toxicity in CHO
and TK-6 cells [48]. Interestingly, their results indicate that TK6 cells are less competent
than CHO-AA8 cells in glutathione homeostasis. They found that NO' treatment leads to
the rapid oxidation of reduced glutathione (GSH) in cells. However, depletion of GSH in
CHO cells stimulated its production thus enabling the cells to resist killing by NO .
Treatment of TK6 cells resulted in decreased GSH levels with no significant concurrent
GSH production thus leading to increased toxicity in CHO cells. Although these findings
have important implications regarding differential cell sensitivity, it is nevertheless
important to keep in mind that several factors, not just GSH, may be involved in
protecting a cell from nitric oxide. We have shown here that cell death from NO' is a
very complicated process and can occur via numerous pathways. Cellular protection
from NO* may similarly invoke a complex array of pathways and needs to be further
studied before a detailed analysis can be made.
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Table 1
Induction of LDH Leakage in Cells Treated with Nitric Oxide
Time After Treatment (h)
3 24 48
% LDH Activity
CHO-AA8 + NO- 3 + 2 9 + 2 17 + 4
TK6 + NO. 5+4 26+5 41+6
Table 2A
Inhibition of Ribonucleotide Reductase in NO*-Treated CHO-AA8 Cells
Treatment
I
+ NO*
+ NO* + ribonucleosides
+ NO. + deoxyribonucleosides
+ Hydroxyurea
+ Hydroxyurea + ribonucleosides
+ Hydroxyurea + deoxyribonucleosides
% DNA Synthesis
6-h after
treatment
55 + 7
56 + 7
18-h after
treatment
45 + 6
47+8
55+ 1357 + 7
24-h later
11+0
9+0
32+6
After NO* treatment (1.4 mM, 12 nmol/ml/min), the media was supplemented with
dA, dG, dC or the corresponding ribonucleosides. The cells were then pulsed with
[3H]dT and total incorporated radioactivity was counted 6-h and 18-h later. A
positive control with hydroxyurea was also set up.
Table 2B
Inhibition of Ribonucleotide Reductase in NO*-Treated TK6 Cells
Treatment % DNA Synthesis
4.5-h after 17-h after
treatment treatment
+ NO* 27+7 53+6
+ NO* + ribonucleosides 28 + 8 48 + 2
+ NO* + deoxyribonucleosides 50 + 5 45 + 7
17-h later
+ Hydroxyurea 4 + 0
+ Hydroxyurea + ribonucleosides 2 + 0
+ Hydroxyurea + deoxyribonucleosides 65 + 1
After NOD treatment (1.7 mM, 14.2 nmol/ml/min), the media was supplemented with
dA, dG, dC or the corresponding ribonucleosides. The cells were then pulsed with
[3H]dT and total incorporated radioactivity was counted 4.5-h and 17-h later. A
positive control with hydroxyurea was also set up.
Table 3
Formation of DNA Single-Strand Breaks in
Cells Treated with NO-
Treatment % DNA single-strand breaks
CHO control 3 + 1
CHO + NO- 4 + 2
12 h after treatment 19 + 2
TK6 control 4 + 0
TK6 + NO 6 + 1
12 h after treatment 30 + 2
Table 4
Nitric Oxide-induced Apoptosis in CHO and TK6 Cells
Figure Legends
Figure 1. Increased toxicity in NO'-treated CHO-AA8 and TK6 cells as determined
by plating efficiency. Cells were treated with increasing concentrations of NO' for 2-h
and then plated in triplicate in 96-well plates (2 cells/well). Colony formation was
counted after 10-12 days. Plating efficiency was calculated by the following formula: PE
= -In(number of wells without colonies/total number of wells scored).
Figure 2. Decreased activity of mitochondrial enzymes in NO'-treated CHO-AA8
and TK6 cells. Cells were treated with increasing concentrations of NO' for 2-h and
then incubated for 24-h. Mitochondrial inactivation was then measured using the XTT
assay as described in experimental procedurs.
Figure 3. Alterations in R123 fluorescence in NO'-treated CHO-AA8 and TK6 cells.
Cells were incubated with 800 nM R123 before NO' treatment as described in
experimental procedures. The fluorescence intensity of cell samples (5 x 106 cells) was
then analyzed by flow cytometry (530 nm). (A) Flow cytometry analysis of CHO cells
24-h after treatment with 4.5 mM NO' (38 nmol/ml/min). (B) Flow cytometry analysis
of TK6 cells 24-h after treatment with 1.4 mM NO' (11.7 nmol/ml/min). Cell samples
were also simultaneously stained with PI (50 [pg/ml) in order to discount dead cells.
Figure 4. The effect of NO' on DNA synthesis in CHO-AA8 and TK6 cells. Cells
were treated with increasing amounts of NO' for 2-h and then plated in 24-well plates at a
density of 5 x 103 cells/well. [3H]dT (1 jtCi/ml) was added to the wells 24-h before the
cells were to be harvested. Cells were then lysed and total incorporated radioactivity was
measured as described in experimental procedures.
Figure 5. Changes in cell cycle distribution caused by NO'. CHO-AA8 (A) and TK6
(B) cells were treated with 3 mM (25 nmol/ml/min) NO' for 2-h. After a 24-h incubation
at 370C, 106 cells/ml were permeabilized, stained with PI and-analyzed for cell cycle
distribution as described in experimental procedures.
Figure 6. Apoptotic death of TK6 cells after treatment with 2 mM (17 nmol/ml/min)
NO'. (A) Control and (B) Treated cells. Cells (106/ml) were stained with Hoechst 33342
and PI 24-h after treatment and analyzed by fluorescence microscopy.
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3.Peroxynitrite-Induced DNA Damage
Abstract
The objective of this study was to better understand peroxynitrite DNA damage
chemistry by investigating ONOO-induced damage at the level of deoxynucleosides,
oligonucleotides, and plasmid DNA. Initial experiments involved the measurement of
single-strand breaks and abasic sites in the pUC19 plasmid using agarose gel
electrophoresis. A dose response relationship between single-strand breaks and ONOO
concentration was observed. A more detailed analysis revealed that two pathways, direct
sugar damage and cleavage of abasic sites, were most likely responsible for the observed
strand breaks. Individual deoxynucleosides (dA, dG, dT, and dC) were then treated with
ONOO (1-5 mM) to look for formation of base modifications. HPLC analysis indicated
that only dG exhibits significant reactivity with ONOO (30%) while dA, dC, and dT
show minimal reactivity (2-3%). Surprisingly, results obtained with ONOO-treated
oligonucleotides indicate that 8-oxoG may be the most important target of peroxynitrite
in DNA. The products formed from the reaction of 8-oxoG with ONOO (low dose) can
be recognized and cleaved by the DNA repair enzyme, Fpg. High ONOO- treatment
leads to the formation of an additional product which cannot be repaired by this enzyme.
Endonuclease III can also repair these adducts, both at low and high ONOO
concentrations, however it processes them very inefficiently. Furthermore, the excision
of A opposite an 8-oxoG lesion by the enzyme MUTY is not adversely affected by the
reaction of 8-oxoG with ONOO-. In addition, products formed at low or high ONOO-
treatments are not repaired by the enzyme uracil glycosylase. Also, no spontaneous
depurination of 8-oxoG-derived adducts was detected.
Introduction
Nitric oxide, in the presence of superoxide, can rapidly react to form
peroxynitrite. This is an extremely fast reaction due to the fact that both the reacting
species are radicals. The rate of the nitric oxide/superoxide reaction (k = 6.7 x 109 M-1 s1)
is near the diffusion limit and is at least three times faster than the destruction of
superoxide by superoxide dismutase [1]. Several cell-types including macrophages,
neutrophils, Kupffer cells, neurons, and endothelial cells have the ability to
simultaneously produce nitric oxide and superoxide [2]. Peroxynitrite is a powerful one-
electron and two-electron oxidizing agent. It is often described as having hydroxyl
radical-like reactivity although it does exhibit greater selectivity than the hydroxyl radical
in its reactions with biological molecules. Peroxynitrite has multiple potential targets
within a cell including lipids, proteins, thiols, and DNA. Formation of excess
peroxynitrite has been implicated in many pathological conditions including reperfusion
injury, chronic inflammation, atherosclerosis, rheumatoid arthritis, and neurodegenerative
diseases[3,4].
Peroxynitrite is more reactive than nitric oxide and also exhibits more complex
decomposition chemistry. The anion is stable in alkaline solution, however peroxynitrous
acid (pKa 6.8) is unstable (tl/2 < 0.5 s) leading to rapid decay under physiological
conditions. Decay involves conversion of the stable cis conformer into a high-energy
trans intermediate which can directly isomerize to nitrate [2].
In the presence of carbon dioxide, ONOO is converted to the
nitrosoperoxycarbonate anion, ONO2CO2-. This anion is postulated to be the reactive
intermediate mediating ONOO- reactions in the presence of CO 2 [5]. Alternatively, it has
recently been proposed that ONO 2CO2- dissociates into the carbonate, CO 3', and nitrogen
dioxide, N0 2 , radicals [6]. This then suggests that the actual ONOO/CO 2-derived
oxidant may be the C0 3' radical. Although this species has not been directly identified
in the ONOO/CO2 decomposition pathway, the chemical properties of the reactive form
of ONO 2CO2 are consistent with formation of this radical [6]. The NO2' radical, while
not as powerful as CO3*, is also a moderately strong, relatively long lived oxidant that
can contribute towards ONOO- mediated damage and toxicity. The reaction of the
ONOO anion with CO 2 is extremely rapid (k = 3x10 4 M-1s-1); the role of CO2 appears to
be to function as a catalyst [7]. While ONO 2CO2- has a shorter lifetime than ONOO, it is
a stronger oxidizing agent, with a redox potential of 1.3 V [6].
Interestingly, studies have shown that peroxynitrite can, in certain situations,
attack the same molecule by different mechanisms. For example, two-electron oxidation
of methionine yields methionine sulfoxide. However, at low methionine concentrations
the major product is ethylene which can only occur through a one-electron oxidation
pathway [8].
An important target of peroxynitrite in cells is DNA and it has been shown to
react with individual bases as well as with the deoxyribose moiety of DNA [9,10]. The
reaction of 2'-deoxyguanosine with ONOO- has been studied in some detail [9,11,12].
The two major products have been characterized as 8-oxodeoxyguanosine (8-oxodG)
[13,14] and 8-nitrodeoxyguanosine (8-nitrodG) [11,15]. The formation of these base
modifications reflects the two main types of chemistries carried out by ONOO:
oxidations and nitrations. Other products formed from this reaction include the oxidation
products 2,5-diamino-imidazole-4-one and 2,2-diamino-4-[(2-deoxy-b-D-erythro-
pentofuranosyl)amino]-5-(2H)-oxazolone [9] and the addition product 4,5-dihydro-5-
hydroxy-4-(nitosooxy)-2'-deoxyguanosine [12].
Surprisingly, it has been observed that 8-oxodG [16] and 8-nitrodG (unpublished
data) can both further react with ONOO to form multiple secondary oxidation products.
The products from the reaction of 8-oxodG with ONOO have just recently been
characterized as 5-guanidinylidene-2,4-dioxoimidazolidine, parabanic acid, cyanuric acid
and a presently uncharacterized compound [17]. All the compounds mentioned above are
2'-deoxyribose derivatives.
Single-strand breaks have been observed in oligonucleotides and plasmid DNA
treated with peroxynitrite in vitro [13,18,19]. Dose-dependent increases in DNA strand
breaks have also been observed in intact cells exposed to ONOO including thymocytes,
J774 macrophages, and rat aortic smooth muscle cells [20]. Peroxynitrite appears to
cause DNA strand breaks much more efficiently than nitric oxide. Furthermore,
formation of DNA single-strand breaks by ONOO has been implicated in ONOO--
mediated cellular toxicity due to the subsequent activation of the nuclear enzyme
poly(adenosine 5'-diphosphoribose) synthetase [20]. Covalent attachment of ADP-ribose
units to various proteins by this enzyme can rapidly deplete a cell of NAD+ and result in
cell death via energy depletion [21].
The objective of this study was to conduct an in vitro analysis of ONOO-induced
DNA damage using deoxynucleosides, oligonucleotides, and plasmid DNA as model
systems. Results indicate that exposure of DNA to ONOO generates a complex mixture
of products including base modifications, strand breaks and abasic sites. Furthermore,
experiments performed with 8-oxoG-containing oligonucleotides suggest that ONOO-
induced secondary modifications of this oxidized base can also occur in DNA yielding
the same products as observed with the deoxynucleoside.
Materials and Methods
Synthesis of Peroxynitrite. Peroxynitrite was synthesized by the ozonolysis of sodium
azide as described by Pryor et al. [22]. Briefly, ozone generated in a Welsbach ozonator
was bubbled into 100 ml of 0.1 M sodium azide chilled in an ice bath. Ozonation was
generally terminated after 45 minutes. Peroxynitrite concentration was then determined
spectrophotometrically in 0.1 N NaOH (F302 = 1670 Mlcm-1). One-ml aliquots of the
newly synthesized peroxynitrite solution were then stored at -800 C.
Preparation and Purification of pUC19 Plasmid DNA. Plasmid isolation, purification,
and chelexing was carried out exactly as described by Kennedy, et al. [13]. Briefly,
cultures of DH5c Escherichia coli were transformed with pUC 19 plasmid (New England
Biolabs, Beverly,MA) and grown on LB plates containing 50 pg/ml ampicillin. Plasmid
DNA was isolated using the Qiagen Giga Plasmid/Cosmid Purification kit according to
manufacturers instructions (Qiagen, Chatsworth,CA). After washing the DNA pellet with
80% ethanol, the solvent was evaporated, and the DNA was redissolved in 50 mM
potassium phosphate, pH 7.4 (treated with Chelex 100 resin).
Treatment of pUC19 Plasmid. Plasmid DNA (1.5 pg), in a total reaction volume of 50
p1, was treated with peroxynitrite concentrations ranging from 0 to 50 tM. Experiments
were carried out in either 150 mM potassium phosphate, pH 7.2, or 150 mM potassium
phosphate/25 mM ammonium bicarbonate, pH 7.2 buffer. Reactions were carried out in
the following manner: Plasmid DNA in buffer was first added to an eppendorf tube. A
droplet of peroxynitrite was then carefully placed on the inside wall of the tube and
mixed into the plasmid solution by rapid vortexing. After treatment, samples were
routinely left at room temperature for 20 min before continuation of the experiment.
Quantitation of Strand Breaks. Analysis of peroxynitrite-induced single strand breaks
in plasmid DNA was accomplished by using a previously described method
[13,23]. Briefly, DNA was divided into two fractions after treatment. One portion was
treated with 100 mM putrescine (Sigma Chemical Co., St. Louis, MO) for one hour at
370C to cleave abasic sites while the other portion was kept on ice as a measure of direct
strand breakage. After addition of non-denaturing gel loading buffer (0.25%
bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol), plasmid DNA (300 ng) was
loaded onto 1% agarose gels (Tris-borate-EDTA), and topoisomers were resolved at 3
V/cm for 3 h. The gel was then dried and probed with radiolabeled pUC 19 prepared by
the random primer technique. The plasmid topoisomers were analyzed and quantified on
a Molecular Dynamics Phosphorlmager (Sunnyvale, CA).
HPLC Analysis of Deoxynucleosides. Analytical HPLC of deoxynucleoside (Sigma
Chemical Co.) reaction mixtures was performed using a 250 x 4.6 mm, 5pm LC-18-DB
column (Supelco, Bellefonte, PA). The flow rate used was 1 ml/min. A methanol/20
mM ammonium formate gradient was used to elute all deoxynucleosides including
8-oxo-deoxyguanosine (Sigma Chemical Co.): 0-20 min (2% MeOH to 30% MeOH), 20-
25 min (30% MeOH to 2% MeOH).
Oligonucleotides Preparation. Synthetic oligonucleotides were purchased from the
MIT Biopolymer laboratory (Cambridge, MA) or from Synthetic Genetics
(San Diego, CA). Oligonucleotides were routinely purified after synthesis by
electrophoresis on 20% polyacrylamide/7.5 M urea gels in TBE buffer (89 mM Tris
base/89 mM boric acid/2 mM EDTA, pH 8.0). Bands corresponding to oligonucleotide
DNA were cut out and the DNA was then eluted overnight in gel elution buffer (0.1 %
SDS, 0.5 M ammonium acetate, and 10 mM magnesium acetate). The final step involved
precipitation of DNA with ethanol.
Oligonucleotide DNA Damage Experiments. Oligonucleotides were labeled at their 5'
termini by using T4 polynucleotide kinase (Promega, Madison, WI) and [y-32P]ATP
(Amersham, Arlington Heights, II). DNA duplexes were prepared by heating a mixture
of the two complementary strands, one labeled and the other unlabeled (1.5 to 2 fold in
excess of the labeled strand), at 900 C for 3 minutes and then allowing the DNA to cool
very slowly to room temperature. Oligonucleotides were treated with peroxynitrite
exactly as described above. Unlabeled oligonucleotide (1 jtg) resuspended in buffer
(50 P ) was spiked with labeled oligonucleotide (- 0.1 -0.2 jtg) before addition of
peroxynitrite. An equivalent volume of 0.1 N NaOH or decayed peroxynitrite was added
to control samples. Thirty minutes after reaction, samples were lyophilized, dissolved in
5-10 ptl of denaturing gel-loading buffer (deionized formamide with 1 mM EDTA, 0.1%
EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue), boiled for 3 minutes, crashed on
ice, and then run on 20% denaturing polyacrylamide gels. Following electrophoresis,
gels were exposed wet to Phosphorimager screens which were then scanned and analyzed
using the Phosphorimager and ImageQuant software (Molecular Dynamics).
Oligonucleotide DNA Repair Experiments. Single-stranded DNA, oligomer III
(Table 3), was 5'-endlabeled with [32p], treated with peroxynitrite, and annealed with
complementary DNA before Fpg treatment (generous gift of Dr. Arthur Grollman, SUNY
at Stony Brook, Stonybrook, NY). In general, Fpg treatment was carried out using at
least 400 ng/protein per 1 jtg DNA. The reaction buffer consisted of 50 mM tris-HCL,
pH 7.5, 100 mM NaC1, 1 mM DTT, and 2 mM EDTA. Incubation times at 370C ranged
from 30-min to 17-h.
MUTY experiments involved annealing oligomer III with its complementary
DNA strand (Table 3) which contained either C or A opposite the 8-oxoG residue.
Unlabeled oligomer III was treated with a range of ONOO" doses (0-1mM) before it was
annealed to 5'-endlabeled-[32P] complementary DNA. Samples were then incubated with
one unit MUTY enzyme/jig DNA (Trevigen, Gaithersburg, MD) for 2-4 hours at 370C.
Before addition of enzyme, 2 ptl MUTY 10OX reaction buffer (Trevigen, 200 mM Hepes,
pH 7, 800 mM NaCi, 10 mM DTT, 10 mM EDTA, pH 8, 30% glycerol) was added to
each sample (total volume 20 l). In order to confirm ONOO- reaction with the DNA,
ONOO- treatment was also carried out simultaneously with [32P]-labeled oligomer III.
Endonuclease III (generous gift of Dr. Richard P. Cunningham, SUNY at Albany,
Albany, NY) experiments involved treatment of 5'-endlabeled-[32P] oligomer III with
ONOO (0-5 mM). Following treatment, samples were annealed with complementary
DNA containing C opposite the 8-oxoG residue in oligomer III. Incubation with
endonuclease III enzyme (1 unit/jtg DNA) was carried out at 370C for
2-14 hours. Samples were diluted with 2X Endonuclease III reaction buffer
(100 mM Hepes, pH 7.7, 200 mM KC1, 2 mM EDTA, 0.2 mM DTT, 200 jig/ml BSA) to
a final volume of 20 ptl before addition of enzyme.
Single-stranded peroxynitrite-treated DNA was used in experiments conducted
with uracil glycosylase (Gibco BRL, Grand Island, NY). An identical uracil containing
oligomer (CCACAACUCAAA) was used as the control substrate. Reaction buffer used
for uracil glycosylase repair was the same buffer used for peroxynitrite treatments (150
mM potassium phosphate, 25 mM ammonium bicarbonate, pH 7.2). Approximately 1-2
units of enzyme were added per jtg DNA and the mixture was incubated at 370C for 4-h.
Putrescine was then used, as described above, to cleave abasic sites resulting from uracil
glycosylase activity.
After all enzyme treatments, the presence of repair products was determined by
running the samples on 20% denaturing polyacrylamide gels followed by
PhosphorImager analysis as described above.
Results
DNA Strand Break Analysis in the pUC19 Plasmid. Experiments to examine strand break
formation were conducted with the pUC 19 plasmid. A dose response relationship between
increasing ONOO concentration and strand breaks can be seen in Figure 1. Strand break
formation can be observed at very low ONOO concentrations (<5 M). The plateau effect
seen at high ONOO concentrations cannot be assigned to any mechanistic aspect of the
reaction. The strand break assay used for these experiments involves the separation of different
plasmid forms by agarose gel electrophoresis. An unavoidable limitation of this assay is that it
is only valid in the treatment range of single hit kinetics. This is because multiple nicking
cannot be differentiated from a single strand break.
Effect of Carbon Dioxide on Strand Break Formation. To investigate the effect of
bicarbonate-derived carbon dioxide on the induction of strand breaks by ONOO-, we
compared strand break formation in the pUC 19 plasmid in phosphate and bicarbonate
buffers. The formation of strand breaks using the two different buffer systems is also
depicted in Figure 1. The results clearly show that the presence of carbon dioxide during
treatment strongly inhibits strand break formation. This inhibitory effect is most evident
at 25 pM ONOO which is the highest treatment level represented in Figure 1 (almost 130
strand breaks/106 DNA bases in 150 mM phosphate buffer, pH 7.2, versus 40 strand
breaks/106 bases in 150 mM phosphate/25 mM bicarbonate buffer, pH 7.2). Surprisingly,
ONOO/CO 2-induced strand breaks appear to level off much faster than strand breaks
formed by ONOO in the absence of CO 2. For example, although a plateau effect is not
observed until the number of strand breaks exceeds 100 breaks/106 bases in the absence
of CO2, strand breaks level off - 40 breaks/106 bases in the presence of CO 2. The plateau
effect without CO2 can be explained by exceeding single hit kinetics. However, this
explanation does not apply to the plateau effect with ONOO-/CO 2 since the latter involves
significantly lower levels than the former. Understanding the rapid leveling off of strand
breaks with ONOO-/CO 2 will require further investigation.
Contribution of Abasic Sites to Strand Break Formation. DNA strand breaks can occur via
direct or indirect mechanisms. The reaction of ONOO- with the deoxyribose moiety of DNA
may lead to direct DNA fragmentation. Strand breaks may also arise indirectly by the cleavage
of abasic sites. 8-nitroG, present in ONOO--treated DNA, has been reported to depurinate with
a half-life of 4-hours at 370C [15]. To investigate potential abasic site formation resulting from
the depurination of 8-nitroG or any other potentially unstable modified base, pUC 19 plasmid
was incubated for varying periods of time at 370C after ONOO treatment. After completion of
the appropriate time interval, the plasmid was treated with putrescine for 1-h at 370C to cleave
abasic sites. Incubation at 370C after treatment was considered necessary in order to give 8-
nitroG time to depurinate. Results from this experiment are summarized in Table 1. No
difference can be seen between putrescine-treated or untreated samples immediately after
exposure to ONOO-. The next time point, 12-h incubation at 370C, lead to a difference in the
putrescine-treated or untreated samples (Table 1). Fifteen strand breaks/1 06 bases were
measured before putrescine treatment. After treatment with putrescine the number of strand
breaks almost doubled to 28 strand breaks/106 bases. Incubation periods longer than
12-h did not exhibit increased depurination.
Fpg Enzyme Repair ofPeroxynitrite-TreatedpUC19 Plasmid. Besides single-strand breaks,
peroxynitrite treatment of DNA can lead to the formation of various base modifications. In an
attempt to better characterize the DNA damage spectrum observed in ONOO-treated pUC 19,
plasmid DNA was incubated with Fpg enzyme after ONOO- treatment. Peroxynitrite treatment
was performed in both phosphate and bicarbonate buffer systems in order to assess the impact
of CO2 on the formation of Fpg-sensitive lesions. Fpg treatment of phosphate/ONOO--treated
plasmid led to a modest increase in strand breaks over direct ONOO-induced strand breaks
(Figure 2A). For example, at the lowest ONOO treatment concentration of 5 tM, strand break
levels after Fpg incubation increased approximately 1.5x above the number of direct strand
breaks. In contrast, Fpg treatment of bicarbonate/ONOO-treated plasmid caused a dramatic
increase in strand breaks compared to strand breaks induced by ONOO treatment alone (Figure
2B). At the lowest ONOO treatment of 5 pM, strand break formation increased five fold after
Fpg treatment.
HPLC Analysis of Peroxynitrite-Treated Deoxynucleosides. As mentioned above, the
major products resulting from ONOO treatment of 2'-deoxyguanosine include
8-oxodG [13] and 8-nitrodG [11]. Given peroxynitrite's powerful oxidizing capabilities, it
seemed logical to expect formation of additional oxidation products from the reaction of
ONOO with all four deoxynucleosides (dA, dC, dT and dG). HPLC analysis was utilized to
examine product formation from the four deoxynucleosides (100 M) treated with ONOO-
(5 mM). Surprisingly, significant destruction of the parent peak was only observed with dG
(Table 2). The other deoxynucleosides (dA, dC, and dT) exhibited less than 3% reactivity.
Treatment of 8-Oxodeoxyguanosine and 8-Nitroguanine with ONOO-. To investigate the
reactivity of 8-oxodG with ONOO, 8-oxodG (350 jtM) was treated with increasing amounts of
ONOO- (0-5 mM) in 150 mM potassium phosphate/25 mM sodium bicarbonate buffer, pH 7.2.
The results shown in Figure 3A confirm that reaction between 8-oxodG and ONOO- does take
place. All the 8-oxodG is destroyed at and above 2 mM ONOO-. In a similar experiment, the
8-oxodG concentration was varied (0-100 [M) while the ONOO concentration was fixed at 50
tM (bicarbonate buffer, Figure 3B). As can be seen in Figure 3B, the total amount of 8-oxodG
destroyed initially increases with increasing 8-oxodG concentration but then saturates around
20 jM.
The rapid reaction between 8-oxodG and ONOO- raised the possibility that perhaps 8-
nitrodG also reacts with ONOO-. HPLC analysis of ONOO--treated 8-nitroG confirmed this
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hypothesis. A reactivity comparison between dG, 8-oxodG, and 8-nitroG treated with ONOO
is presented in Figure 4. There is a striking difference between the reactivity of dG with
ONOO- compared with reactivity of the two modified bases (8-oxodG and 8-nitroG) especially
at low ONOO- concentrations (<100 pM).
DNA Damage of Oligonucleotides with Peroxynitrite. In an attempt to extend the results
described above, and also to further examine their applicability to functional DNA as compared
with individual deoxynucleosides, experiments were conducted to investigate the effects of
ONOO on short DNA oligonucleotides. The three oligomers, 12 nucleotides in length, used in
this study are listed in Table 3. In addition to these three oligomers, selective experiments were
also performed with a longer oligomer, 23 nucleotides in length, the sequence of which is also
described in Table 3.
Short oligomers were chosen for the deliberate purpose of constructing a semi-
controlled environment for reaction and also to minimize the possible formation of unusual
DNA secondary structures. Experiments were initially conducted with single-stranded
oligonucleotides although double-stranded versions of CCACAACTCAAA (oligomer I),
CCACAACGCAAA (oligomer II) and CCACAACXCAAA (oligomer III, X = 8-oxoG) were
also used in some experiments.
Peroxynitrite-Induced Oligonucleotide Strand Breaks. Peroxynitrite treatment of
CCACAACTCAAA (oligomer I) resulted in the expected fragmentation pattern indicating non-
specific sugar damage. Surprisingly, the yield of damage was very low - not more than 1-3%
of control I was damaged even after treatment with very high levels of ONOO, 5 mM (Figure
5). CCACAACGCAAA (oligomer II) was also reacted with ONOO but, as can be seen in
Figure 5, it shows exactly the same fragmentation pattern as oligomer I. It is important to note
that detection of DNA fragmentation is inherently difficult with oligomers I and II due to their
short length. For this reason, analogous experiments were conducted with a 23-mer,
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TCCCGAGCGGCCAAAGGGAGCAG, (oligomer IV) which is almost twice the length of
oligomers I and II. Treatment of oligomer IV with ONOO followed by product separation on
a 20% denaturing gel showed formation of an extended DNA ladder clearly indicating ONOO-
induced DNA fragmentation (Figure 6).
Peroxynitrite Treatment of8-Oxoguanine-Containing DNA. Treatment of CCACAACXCAAA
(oligomer III, X = 8-oxoG) with peroxynitrite yielded the most interesting results. As can be
seen in Figure 7, an additional band is present after gel separation of ONOO--treated oligomer
III as compared to control untreated III. The new band migrates closely with, although slightly
faster, than the original oligomer. It is also not particularly well defined, its edges appear fuzzy
which may indicate the presence of more than one product within the same band. The strong
intensity of the band is somewhat surprising given the very weak intensity of the sugar
fragmentation bands observed with treated oligomers I, II and IV (Figures 5 and 6). Product
formation with III can be observed at ONOO concentrations as low as 10 tM (data not
shown). Oligomer III can be completely converted to product at high peroxynitrite
concentrations (at and above 100 p~M).
Whether the extreme reactivity towards ONOO exhibited by the single-stranded
CCACAACXCAAA (oligomer III) would be matched by the equivalent double-stranded
oligomer was the next question to be addressed. For these experiments, oligomer III was
annealed with its corresponding strand to form oligomer V (Table 3). Reactivity comparison
between the single-and double-stranded versions of oligomer III indicate that 8-oxoG is much
more reactive when present within the context of a single DNA strand rather than within
double-stranded DNA. This observation is clearly evident in Figure 8 which shows oligomers
III and V treated with varying levels of ONOO.
An interesting observation concerning formation of 8-oxoG in vivo is that it can
pair with either C or A [24]. The possibility that 8-oxoG may exhibit differential
reactivity in double-stranded DNA depending on whether it is paired with C or A was
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investigated by annealing CCACAACXCAAA (oligomer III) to two different
complementary strands (either form V or its "A" equivalent, Table 3) followed by
ONOO- treatment. However, no significant differences were seen between the two
versions (Table 4).
Studies conducted in our lab and others [16] have shown that 8-oxodG is at least
1000 times more reactive than dG. These results suggested the requirement for
conducting similar experiments with the single and double-stranded
8-oxoG-containing oligomers (III and V, Table 3) in order to obtain reactivity
differentials between 8-oxoG present in the deoxynucleoside form or within single-
stranded or double-stranded DNA. Competition experiments performed for this purpose
used a fixed amount of [32P]-labeled single or double-stranded oligomer and varying
concentrations of unlabeled 8-oxodG nucleoside. Relative reactivity was determined by
measuring the concentration of 8-oxodG required to cause a 50% inhibition of oligomer
reaction with ONOO. Experimental results indicate that 8-oxoG contained within single-
stranded DNA is 1.5 + 0.5 x more reactive towards ONOO than 8-oxoG in the free
nucleoside form. The next step was to compare the reactivity of the single-stranded
oligomer with that of the double-stranded oligomer. 8-oxoG contained within double-
stranded DNA was found to be 7.5 + 1.5 x less reactive towards peroxynitrite than when
present in single-stranded DNA.
Oligonucleotide DNA Repair Experiments. Repair of the 8-oxoG-derived ONOO
adducts by four DNA repair enzymes, FaPy Glycosylase, Uracil Glycosylase, MUTY,
and Endonuclease III, was also investigated in this research project.
Studies with FAPy Glycosylase (Fpg, MUTM). The first experiment involved treating a
fixed concentration (1 p~g) of control oligomer V (double-stranded version of
CCACAACXCAAA, Table 3) with increasing amounts of Fpg to ascertain the optimal
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Fpg concentration that should be used to test repair of the novel adducted oligomer.
Results indicate that at least 200 ng enzyme is needed for complete cleavage of 1 pg
oligomer V (2-h incubation, data not shown). For subsequent experiments conducted
with this enzyme at least 400 ng/pg oligomer were used. Single-stranded oligomer III
(CCACAACXCAAA) was treated with a high concentration of ONOO (1 mM) to ensure
100% conversion to product and then annealed to form oligomer V. This was then
treated with Fpg protein for 2-h at 370C. Untreated oligomer V was used as the control.
As can be seen in Figure 9, incomplete cleavage of adduct was observed as compared to
complete cleavage of the control. Figure 10 depicts an experiment in which control and
treated oligomers were incubated with 500 ng Fpg/jpg DNA for 15-h at 370C in order to
eliminate any possibility that decreased enzyme efficiency may be contributing to
incomplete cleavage of product. Oligomer III was first treated with a series of ONOO-
doses ranging from low (25 jtM) to high (1 mM). The oligomer was then annealed to
form a double-stranded substrate for Fpg and then incubated overnight with the enzyme.
Interestingly, complete repair of adduct is seen at peroxynitrite treatments up to 100 pM.
However, at treatment levels of 500 tM and 1 mM incomplete cleavage is seen. These
results can be seen more clearly in Figure 11 which represents the same samples
electrophoresed on a 25% gel instead of a 20% gel. At ONOO treatments lower than
100 pM, only one additional band compared with control DNA is observed. However, at
higher treatments, two distinct additional bands of different intensity can be seen. The
lower more intense band appears to correspond with the product seen at lower treatments.
The faint band slightly above it is not seen at lower treatments. Figures 10 and 11 both
indicate that Fpg resistance can be attributed to formation of this new adduct.
Studies with MUTY Mismatch Glycosylase. We were interested in determining whether
conversion of 8-oxoG into a secondary adduct (or adduct mixture) after ONOO treatment
could hinder recognition of an 8-oxoG:A mismatch in DNA by MUTY. Single-stranded
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oligomer III (CCACAACXCAAA) was treated with a range of ONOO- concentrations
(25pM-1 mM). Samples were then annealed with complementary DNA except that the C
opposite the 8-oxoG residue was replaced with A. Positive and negative controls were
used in this experiment. Untreated oligomer III annealed with a A mismatch opposite the
8-oxoG served as the positive control. Oligomer V which contains C opposite 8-oxoG
was used as the negative control since MUTY does not cleave 8-oxoG:C pairs. Unlike
the previous experiments which routinely involved [32P]-labeling of the 8-oxoG-
containing DNA strand, experiments with MUTY required [32P]-labeling of the
complementary strand instead. This is because MUTY excision of A would generate a
strand break only in the A-containing strand while leaving the 8-oxoG-containing
oligomer intact. However, radioactive-labeling of the A strand only does not permit
detection of the 8-oxoG/ONOO adducts formed upon ONOO treatment which is
essential in order to confirm that the reaction actually took place before any attempts at
repair were initiated. This is important because ONOO is very unstable and decays in
less than one second at pH 7.2. Any delay in rapid mixing after addition of ONOO to the
sample can lead to a drastic reduction in reaction efficiency. For this reason, two samples
were prepared for each treatment: (1) Oligomer III was 5'-[ 32P]-labeled before ONOO-
treatment, (2) Cold oligomer III was subjected to ONOO treatment, it was then annealed
with 5'-[32P]-labeled complementary DNA to form a 8-oxoG:A mismatch. Each pair of
samples was treated identically after the initial preparation. After annealing of DNA,
samples were treated with MUTY protein for 2-h at 370C. Results are shown in Figure
12. Radioactive labeling of oligomer III before ONOO treatment confirms that reaction
between 8-oxoG and ONOO did indeed take place (Fig 12, lanes 1-5). In the
complementary strand-labeled samples, no cleavage of substrate can be seen in the
negative control lane confirming that MUTY does not recognize 8-oxoG:C pairs (Fig 12,
lane 6). No difference in repair activity can be seen between the positive control and the
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ONOO-treated samples indicating that MUTY recognition of A is not affected by the
reaction of 8-oxoG with peroxynitrite (Fig 12, lanes 7-12).
Studies with Endonuclease III. The recognition by endonuclease III of 8-oxoG-derived
adducts in DNA treated with ONOO- was also explored in this study. Single-stranded
oligomer III (CCACAAXCAAA) end-labeled with [32 ] was treated with a range of
ONOO concentrations (25tM-1 mM). Samples were then annealed with complementary
DNA to form oligomer V (Table 3) before enzyme treatment. The oligomer
CCACAACUCAAA where U = uracil was used as a control substrate for the enzyme
after first treating with uracil glycosylase to generate an abasic site. Initial experiments
involved incubating samples with enzyme for 2-h at 370C. Surprisingly, as can be seen in
Figure 13, the ONOO adducts are recognized by endonuclease III although only very
incomplete cleavage has occurred. As a next step, the experiment was repeated as before
except that samples were now incubated for 14-h at 370C with the enzyme. Results
depicted in Figure 14 indicate that the increased incubation time gave the enzyme enough
time to completely repair the adducts. These results therefore suggest that while
endonuclease III can repair the 8-oxoG-derived lesions, it is very inefficient at this
process and probably does not make a significant contribution to their repair in an in vivo
setting.
Studies with Uracil Glycosylase. One of the products formed from the reaction of
8-oxoG and ONOO has been identified as 5-azauracil [17]. This does not appear to be
directly formed from the reaction. The initial product formed at low ONOO- treatments,
3a-hydroxy-5-imino-3,3a,4,5-tetrahydro- 1H-imidazo[4,5-d]imidazol-2-one, hydrolyzes
over time to 5-azauracil. These observations suggested the slight possibility that, at least,
partial repair of the treated oligomer may be accomplished by the enzyme uracil
glycosylase if it recognizes 5-azauracil as a substrate. To investigate this hypothesis,
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[32P]-labeled CCACAACXCAAA (oligomer III) was treated with varying doses of
ONOO (0-1 mM) and then incubated at room temperature for 48-h to allow formation of
5-azauracil. An aliquot from each sample was then taken for treatment with uracil
glycosylase for 4-h at 370C. Since uracil glycosylase functions efficiently with single or
double-stranded DNA, oligomer III was not annealed with its complementary strand after
treatment [24]. Uracil glycosylase does not have any AP lyase activity, it merely excises
the modified base to form an abasic site [26]. For this reason, samples were treated with
putrescine after enzyme incubation in order to cleave any abasic sites formed to generate
strand breaks. The oligomer CCACAACUCAAA where U = uracil was used as a control
substrate for the enzyme. Additional aliquots from the original samples were also taken
to test for spontaneous depurination of adducts. These aliquots were treated with
putrescine without the addition of any uracil glycosylase. Treatment of the control uracil
oligomer with uracil glycosylase generated an abasic site which caused the enzyme-
treated oligomer to migrate slightly faster than untreated oligomer on a 20% denaturing
gel (Figure 15). Further treatment of this enzyme-treated oligomer with putrescine
cleaved the DNA into 2 pieces (7mer + 4mer). In contrast, no abasic site or strand break
formation was seen after enzyme + putrescine treatment in any of the samples treated
with ONOO (Figure 15). This suggests that no product formed after ONOO treatment
of oligomer III is recognized by uracil glycosylase. In addition, samples treated directly
with putrescine show no evidence of cleavage which indicates that the spectrum of
products formed after ONOO treatment are stable in DNA and do not undergo
spontaneous depurination (data not shown).
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Discussion
Peroxynitrite (ONOO-), a powerful oxidant with hydroxyl radical-like reactivity, is
formed in biological systems from the extremely rapid reaction between nitric oxide and
superoxide. Exposure of a cell to peroxynitrite can lead to cell injury or death since ONOO
can react with multiple cellular components including DNA. This study represents an in vitro
analysis of ONOO-induced DNA damage chemistry using deoxynucleosides, oligonucleotides,
and plasmid DNA as model systems. An overview of the experimental strategy is presented in
Scheme 1. Results indicate that treatment of DNA with ONOO- can lead to several types of
modifications including base modifications, sugar damage, abasic site formation, and strand
breaks.
Initial experiments, performed with ONOO--treated pUC 19 plasmid, show a dose
response relationship between increasing ONOO- concentration and formation of single-strand
breaks (Figure 1). The data shown in Figure la is in agreement with previous results obtained
in our laboratory and others [13,14,19] suggesting that ONOO is very efficient in mediating
DNA strand break induction.
Peroxynitrite decay chemistry is very complex and despite intensive research is still not
well understood. Peroxynitrite's reactivity is, at the moment, attributed to formation of a
vibrationally activated high-energy intermediate generated during the breakdown process [1].
Interestingly, recent evidence suggests that a different adduct, the nitrosoperoxycarbonate
anion, is formed in the presence of carbon dioxide [5,7]. The possible formation of this
additional reactive species makes it difficult to predict the outcome of ONOO reactions in
different environments with much certainty. Bicarbonate has been shown to significantly
enhance ONOO-mediated aromatic nitration reactions [7]. Its effects on other types of
reactions are varied; it appears not to affect formation of 8-oxodG [27] but partially inhibits the
oxidation of thiols, dimethylsulfoxide, oxyhemoglobin, and cytochrome C [28].
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In an attempt to elucidate the effect of bicarbonate-derived carbon dioxide on
DNA strand break formation by ONOO, pUC19 plasmid was treated with ONOO in two
different buffer systems, 150 mM potassium phosphate or 150 mM potassium
phosphate/25 mM sodium bicarbonate, pH 7.2. Interestingly, as can be seen in Figure 1,
the presence of carbon dioxide in the reaction medium dramatically inhibits the induction
of strand breaks by ONOO. These results are in general agreement with Yermilov et al.
who found bicarbonate to have an inhibitory effect on strand breakage in ONOO-treated
pBR322 plasmid DNA [27].
The uncertainty surrounding ONOO/CO 2 chemistry makes it difficult to fully explain
what might be causing this suppression effect. One reason for the decreased strand break
formation in bicarbonate buffer could be that the ONOO-/CO2 adduct is expected to have an
even shorter half-life than the ONOO high-energy intermediate. In both buffer systems, strand
break formation is in direct competition with decay of peroxynitrite to nitrate. Significant
acceleration of the decay process may result in decreased damage because the reactive
ONOO-/CO 2 species may have less time (lower probability) to encounter a plasmid molecule
before decomposition. This may especially have an impact if there are hotspots in the plasmid
that are very susceptible to damage by ONOO. Damage hotspots could arise due to different
regions of the plasmid having varying secondary structural conformations depending on the
immediate sequence context. If this is the case then ONOO" not only has to encounter a
plasmid molecule for reaction but, in addition, it has to interact with the appropriate region of
the plasmid for maximum strand break induction. Another possibility is related to the type of
damage involved. For example, in these experiments it appears reasonable to infer that the
observed strand breaks are a consequence of direct sugar oxidative damage. However, it has
been suggested that formation of the ONOO-/CO 2 adduct may favor the nitration reaction over
other types of oxidation reactions carried out by peroxynitrite. One possible explanation for
decreased strand break formation in bicarbonate buffer might then be the preferential formation
of nitration products such as 8-nitroguanine at the expense of other damage events such as
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strand breaks. Serious consideration of this hypothesis would require the simultaneous
measurement of strand breaks along with the two base modifications, 8-oxoguanine and 8-
nitroguanine, in phosphate and bicarbonate ONOO--treated plasmid.
An important question addressed in this study relates to the origin of ONOO--induced
strand breaks. Reaction of ONOO with the sugar moiety of DNA should lead to direct strand
breakage. Strand breaks can, however, also occur via more indirect pathways, for example,
through the intermediacy of certain base modifications. The effectiveness of strand break
formation from a reaction-induced base modification correlates directly to the instability of the
modified base structure in DNA. Base depurination leads to the formation of abasic sites in
DNA. The presence of these sites in cellular DNA is recognized by a class of DNA repair
enzymes called AP endonucleases which cleave the abasic sites to yield strand breaks which
can then be further processed by other DNA repair enzymes [26]. Since abasic sites are alkali
sensitive they can be cleaved with base to form strand breaks in the absence of endonuclease
enzymes [29]. Previously, it has been observed that 8-nitroguanine, formed in ONOO--treated
DNA, is unstable in DNA and undergoes depurination with a half-life of four hours at 370 C
[15]. Although it has not been definitely established, it has been proposed that 8-nitroguanine
is the major product formed in ONOO--treated DNA [15,30]. This then raises the possibility of
indirect strand breakage resulting from 8-nitroguanine depurination followed by subsequent
cleavage by endonucleases in cellular DNA treated with ONOO-.
We tested this hypothesis by incubating ONOO-treated plasmid for different time
intervals at 370C. After completion of the appropriate incubation period, samples were treated
with putrescine, a secondary amine known to cleave abasic sites at neutral pH, for one hour at
370C [29]. Results, summarized in Table 1, show no difference between putrescine-treated or
untreated samples immediately after treatment. This follows directly from our initial
hypothesis according to which any 8-nitroguanine formed during treatment would not yet have
had time to depurinate. Therefore, the initial set of strand breaks measured immediately after
treatment is most likely due to direct sugar damage. Incubation of samples for longer periods
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of time resulted in differences between the putrescine-treated and untreated samples. For
example, examination of the 12-h time point reveals that the number of strand breaks/l06 bases
increased from 15 to 28 after putrescine treatment (Table 1). Depurination appeared to level
off after 12-h since incubation periods longer than 12-h did not result in increased formation of
abasic sites. These results suggest that peroxynitrite treatment can induce single-strand break
formation in DNA via direct and indirect mechanisms. Furthermore, each pathway appears to
make an approximately equal contribution to strand break formation. It is highly probable that
the time-dependent depurination discussed above is due to the instability of 8-nitroguanine in
DNA. However, an absolute correlation cannot be made here since free
8-nitroguanine released from DNA was not measured in this study. The existence, however
unlikely, of other base modifications formed from ONOO treatment that also undergo time-
dependent depurination cannot be ruled out at this point.
Further characterization of plasmid DNA damage was attempted by incubating the
ONOO--treated plasmid with Fpg enzyme. Fpg, a DNA repair enzyme, participates in base
excision repair [31]. Fpg repair leads to single-strand break formation in vitro since the
enzyme first excises the damaged base from DNA and then creates a nick in the sugar-
phosphate backbone [31]. The primary lesion recognized by this enzyme is 8-oxoG
(Fpg repair characteristics and substrate specificity are discussed in greater detail below).
Results obtained from these experiments (Figures 2A and 2B) show an increase in strand break
induction after Fpg treatment in both sample sets (phosphate/ONOO and bicarbonate/ONOO-).
However, the difference in strand break levels between ONOO--treated and ONOO-/Fpg-
treated samples is much more striking when the reaction is carried out in bicarbonate buffer as
compared to in phosphate buffer. These results thus indicate that, although bicarbonate
strongly inhibits ONOO-induced sugar damage, it simultaneously enhances formation of Fpg-
sensitive base damage. Figures 2C and 2D compare total strand break formation, both in the
absence of Fpg treatment (direct strand breaks only, Figure 2C) and after Fpg treatment (direct
strand breaks + Fpg-induced strand breaks, Figure 2D) in phosphate versus bicarbonate buffer.
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It is readily apparent from these figures that not only is sugar damage higher in the absence of
CO 2 (Figure 2C), but total damage (sugar damage + Fpg-sensitive base damage, Figure 2D) is
also slightly higher when the ONOO reaction is carried out in phosphate buffer as compared to
in bicarbonate buffer. Figure 2E (summary of Figures 2A-2D) represents all the strand break
information assimilated into one picture for easier viewing.
To fully understand this complex DNA damage picture, it will be necessary to isolate
and identify the base products released from ONOO-treated plasmid DNA after Fpg treatment.
It is to be expected that 8-oxoG contributes to formation of these Fpg-sensitive lesions since 8-
oxoG has been observed to form upon exposure of DNA to ONOO and since this oxidized
lesion is a well known target of Fpg action. However, it appears very unlikely that 8-oxoG will
be the sole base product found to be released from ONOO-treated plasmid DNA after Fpg
treatment, since such a finding would not account for the striking differences observed in
strand break formation after ONOO/Fpg treatment in phosphate versus bicarbonate buffer. As
mentioned above, the presence of CO 2 in the reaction system appears to accelerate nitrations
over other types of oxidation reactions carried out by ONOO. Measurement of 8-nitroguanine
in calf thymus DNA by Yermilov et al. confirmed that bicarbonate significantly increases the
yield of 8-nitroguanine in ONOO-treated DNA (up to a six fold increase) [27]. With all this
information in mind, a reasonable interpretation of our data suggests that, in addition to
8-oxoguanine, 8-nitroguanine is recognized and cleaved by the Fpg enzyme. If this hypothesis
is indeed correct, then the increase in Fpg-sensitive lesions observed in the bicarbonate/ONOO-
reaction as compared with the phosphate/ONOO reaction can be rationalized by 8-nitroguanine
formation. However, confirmation of this hypothesis would definitely require correlation of
8-nitroguanine levels with Fpg-sensitive sites in the ONOO-treated plasmid.
The experiments discussed above provide information on DNA strand break induction
by peroxynitrite. However, in order to construct a more complete DNA damage profile for
ONOO, it was considered necessary to also obtain some further assessment of base damage.
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HPLC analysis of ONOO-treated individual deoxynucleosides was utilized for this purpose.
Interestingly, peroxynitrite exhibited significant reactivity only with 2'-deoxyguanosine
(Table 2). 2'-Deoxyadenosine, 2'-deoxycytidine, and thymidine showed minimal reaction with
ONOO. Given this data, it is tempting to speculate that only the reaction of ONOO with
deoxyguanosine will have important long-term implications for DNA fidelity. However, it
should be emphasized that without any information available on end-product mutagenicity, it is
not possible to say with absolute certainty that the small amount of reaction between ONOO
and dA, dC, and dT does not have important genetic consequences for the cell. While this
possibility cannot be ruled out at the moment, we decided to focus on the reaction of
deoxyguanosine with ONOO- for the remainder of this study.
An interesting observation regarding ONOO--treated 2'-deoxyguanosine is that the
presence or absence of carbon dioxide influences the reaction. Significantly more dG (30%) is
destroyed when the reaction is carried out in bicarbonate buffer as compared to phosphate
buffer (11%, data not shown). The CO2 effect in this situation is exactly the opposite of the
CO 2 effect observed with strand break formation in the pUC 19 plasmid (acceleration of dG
decomposition versus inhibition of strand break formation). However, this CO 2-mediated
enhancement of dG breakdown is consistent with the increase in Fpg-sensitive lesions observed
in ONOO-/bicarbonate-treated plasmid DNA (Figure 2). Taken together, these results strongly
suggest that bicarbonate-derived CO2 promotes the switching of predominantly sugar-directed
ONOO chemistry to primarily base-specific chemistry. It is not yet clear whether all types of
base damage are increased in the presence of bicarbonate as opposed to a selective
enhancement of nitrated product yields only. It would appear, given the current data available,
that specific formation of nitrated products only, such as 8-nitroguanine, is significantly
increased by CO2. However, more research in this area needs to be completed before these
details can be fully clarified.
The observed inhibition of sugar damage by CO 2 can only be addressed in abstract
terms right now given the current shortage of information on the ONOO/CO 2 adduct. The
113
ONOO- reactions involved in sugar damage and in the destruction of 2'-deoxyguanosine
probably have very different characteristics, which may explain their varied response to the
presence of CO2. Sugar damage suppression by CO 2 actually seems rather surprising
considering that sugar damage is probably free radical-mediated and, furthermore, that the
ONOO-/CO 2 adduct is speculated to dissociate into the aggressive bicarbonate radical. One
plausible hypothesis is that, although, the C0 3 ° radical may possibly initiate large amounts of
radical sugar damage, subsequent reactions ultimately leading to sugar fragmentation are
quenched by the addition of the less reactive N02' radical.
Considerable controversy exists regarding the formation of 8-oxoG in ONOO -treated
DNA although a cohesive picture is finally emerging. A few reports in the literature detected
no 8-oxoG in ONOO--treated DNA samples [9,15,16]. Other studies have managed to
successfully measure levels of 8-oxoG in DNA treated with ONOO [13,14,30]. An interesting
observation by Uppu et al provides a reasonable explanation for these disparate results [16].
They investigated the reaction of 8-oxodG with ONOO- and found that it reacts very
efficiently. This suggests that once 8-oxoG is formed in DNA it may become a better substrate
for ONOO- than G itself. Given this information, it is quite possible that the reason no
8-oxoG was detected in some studies is that it may have further reacted after it formed. To
further investigate this possibility, we reacted a fixed amount of 8-oxodG (350 pM) with
increasing concentrations of ONOO- (0-5 mM) and analyzed the results by HPLC. Figure 3A
clearly shows that indeed 8-oxodG reacts very efficiently with peroxynitrite. Varying the
8-oxodG concentration (0-100 pM) while maintaining a fixed ONOO concentration
(50 p~M) caused an initial increase in 8-oxodG destruction with increasing amounts of 8-oxodG
but this effect reached saturation at 20 ptM 8-oxodG (Figure 3B). This result is exactly as
expected because maximum product yield from the nitrosoperoxycarbonate anion has been
previously determined to be - 35% of added peroxynitrite [6]. Since the ONOO concentration
in this experiment was 50 pM, the maximum yield expected would be 18 pM which is
comparable to the observed experimental yield of 20 1.M. The underlying explanation for this
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limited yield is not well understood although it has been proposed that both peroxynitrous acid
and the ONOO/CO 2 adduct can exist in at least two forms, which exhibit very different
chemical reactivities [6]. For peroxynitrous acid it has been suggested that the unreactive and
reactive species correspond to cis and trans conformational isomers [1]. Since ONO 2CO2-
appears to homolytically dissociate into the C0 3 ° and N02' radicals, it has been proposed that
the limiting oxidation yield of 35% represents the cage escape yield [6]. In other words, only
radicals that manage to escape the solvent cage would be free to combine with reactants. This
hypothesis has not yet been fully investigated.
Figure 4 presents a reactivity comparison between dG, 8-oxodG and 8-nitroguanine
treated with increasing ONOO- concentrations (0-5 mM). Interestingly, both 8-oxodG and 8-
nitroguanine exhibit far greater reactivity towards ONOO than dG. The difference in
reactivity between 8-oxodG and 8-nitroguanine must be interpreted with caution since 8-oxodG
is in the nucleoside form whereas 8-nitroguanine is in the free base form. This structural
difference between the two during the reaction process was unavoidable due to rapid
depurination of 8-nitrodG. In fact, it seems reasonable to speculate that further oxidation of
8-nitroguanine will not have much physiological significance given that the oxidation process
will be in direct competition with removal of 8-nitroguanine from DNA due to depurination.
The latter process is expected to predominate in most situations except perhaps in highly
unusual circumstances where cells are exposed to a large flux of peroxynitrite for an extended
period of time.
Although not much supporting evidence has been accumulated yet, it is nevertheless
tempting to speculate that further oxidation of 8-oxoG will have far greater biological
importance than the secondary oxidation of 8-nitroG. 8-OxoG is stable in DNA unlike
8-nitroG. Also, 8-oxoG is formed in DNA by a wide spectrum of agents besides ONOO
including y-irradiation, numerous chemical oxidants, photosensitizers such as methylene blue,
Fenton chemistry, and biological sources such as activated polymorphonuclear leukocytes [31].
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In addition, results discussed below suggest that 8-oxoG is, by far, the most important target in
DNA exposed to ONOO.
As detailed above, peroxynitrite has the potential to cause direct and indirect
strand break formation. It can also induce base damage by specifically reacting with
deoxyguanosine. The remaining deoxynucleosides (dA, dT, and dC) do not appear to
react with ONOO- to any significant extent. In addition, the secondary oxidation
products of dG are even more reactive towards ONOO- than dG. As a next step, to
further examine the effects of ONOO on DNA, an extended series of experiments was
carried out with a set of short oligonucleotides of known sequence (Table 3). The first
step in each experiment involved 5'-end labeling of oligomers with [32P]. Peroxynitrite
treatment was then followed by separation on denaturing 20% or 25% polyacrylamide
gels. In all cases, results were interpreted using PhosphorImager analysis.
A cursory sequence examination of oligonucleotides CCACAACTCAAA
(oligomer I, Table 3), CCACAACGCAAA (oligomer II, Table 3) and
CCACAACXCAAA (oligomer III, X = 8-oxoG, Table 3) reveals immediately that the
three oligomers are identical except at position 8 which varies between a T (I), G (II), or
an 8-oxoG (III). Oligomer I contains only A's, C's, and T's. Since the deoxynucleoside
studies had already established that these three deoxynucleosides do not react
significantly with ONOO-, this oligomer was specifically chosen to detect sugar damage.
If ONOO is capable of inducing sugar damage in oligomers, then ONOO- treatment
should lead to random fragmentation of I. Oligomer II contains one G so reaction
comparison with I should indicate the relative importance of select base damage at G
compared with indiscriminate sugar damage. Finally, oligomer III contains one 8-oxoG
residue and should provide critical information on whether secondary oxidation products
of 8-oxoG can actually form in DNA.
Peroxynitrite treatment of I (CCACAACTCAAA) and II (CCACAACGCAAA)
resulted in the exact same fragmentation pattern indicating non-specific sugar damage
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(Figure 5). The total yield of sugar damage appeared to be very low (1-3%) even at high
ONOO concentrations (5 mM). Surprisingly, no G-specific damage could be detected
with ONOO-treated II. No additional bands corresponding to either 8-nitroG or 8-oxoG
can be seen on the gel corresponding to ONOO--treated II as compared with I. However,
it cannot be assumed that these products do not form in II. It is quite possible that they
formed but did not separate from the unreacted oligomer on a gel. Treatment of I and II
in the double-stranded conformation did not appear to affect strand break yield at all (data
not shown). Analysis of double-stranded I and II on a non-denaturing gel showed no
formation of double-strand breaks (data not shown). This is to be expected since ONOO-
is not known to cause double-strand breaks.
In an attempt to obtain a better picture of oligonucleotide strand breakage,
analogous experiments were conducted with oligomer IV
(TCCCGAGCGGCCAAAGGGAGCAG). Oligomer IV is almost twice the length of I
and II, it was thus expected that fragmentation of IV would result in many more
fragments, that would be easier to resolve, than would be possible with I and II. Indeed,
treatment of IV with ONOO showed formation of an extended DNA ladder clearly
indicating the presence of ONOO-induced sugar damage (Figure 6). However, the
damage is still very faint, most of the treated oligomer remains intact.
An important point that should be addressed here relates to the ease of detection
of sugar fragmentation in the plasmid experiments as compared with the oligonucleotide
experiments. Strand breaks were observed in ONOO--treated plasmid at ONOO-
concentrations as low as 2.5 pM (data not shown). However, the appearance of
oligonucleotide sugar damage was found to be minimal even at ONOO- levels as high as
5-10 mM. This discrepancy can be explained in terms of the differential sensitivities of
the two different assays. The plasmid strand break assay involves the hybridization of a
[32 P]-labeled probe, prepared by the random primer technique, to dried agarose gels. This
assay is estimated to be at least 300 times more sensitive than simple [32 P]-endlabeling of
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oligonucleotide which was used to detect oligonucleotide fragmentation. These results
thus emphasize the requirement for utilizing very sensitive detection techniques when
attempting to analyze ONOO--induced sugar chemistry due to the low levels of damage
incurred.
In contrast to the oligonucleotide strand break experiments, very different results were
obtained upon treatment of CCACAACXCAAA (oligomer III, X = 8-oxoG) with ONOO.
Even at very low ONOO concentrations (less than 10 ptM), formation of an additional band
can be seen after gel electrophoresis of treated oligomer III compared to untreated III (Figure
7). Oligomer III can be completely converted to product at high peroxynitrite concentrations
(at and above 100 pM). The presence of this additional band must indicate product formation
from the reaction between 8-oxoG and ONOO. Although, only one additional band is seen
after ONOO- treatment, this does not necessarily correspond with formation of only one
product. More than one product could be formed from the reaction but only one band may be
seen because individual separation was not achieved during the electrophoresis procedure.
Interestingly, a dose response curve comparing reaction in phosphate versus bicarbonate buffer
showed that more oligomer breakdown, along with higher product formation, is seen in
bicarbonate buffer (data not shown). This indicates that 8-oxodG/ONOO reactivity is
influenced by the presence of CO2 in a similar pattern to that of dG/ONOO. Overall, these
results are very encouraging because they indicate that the 8-oxodG nucleoside chemistry
discussed in the previous section also takes place in DNA oligomers. It thus seems reasonable
to assume that a similar damage spectrum may be observed in cellular DNA exposed to
ONOO-.
The major products from the reaction of 8-oxodG with ONOO- have only recently been
identified [17]. The spectrum of products along with the various pathways leading to their
formation is illustrated in Scheme 2. The chemistry underlying the 8-oxodG/ONOO reaction
proved much more complex than was initially expected. The major product formed at low
ONOO- concentrations, 3a-hydroxy-5-imino-3,3a,4,5-tetrahydro-1H-imidazo[4,5-d]imidazol-2-
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one 1, can itself further react with peroxynitrite to yield 2,4,6-trioxo-[1,3,5]triazinane-1-
carboxamidine 2 which can slowly hydrolyze to cyanuric acid 2a. At high ONOO
concentrations two additional products also appear, parabanic acid 3 and a presently
uncharacterized compound. Unlike 1, these products do not further react with ONOO-.
Furthermore, 1 is unstable to hydrolysis and breaks down to yield 1-carboxyl,3-formyl urea ic
via 5-azauracil lb (half-life = 4.8 hours).
Although gel electrophoresis of ONOO-treated CCACAACXCAAA (oligomer III,
X=8-oxoG) clearly indicated reaction occurring between the 8-oxoG residue within the
oligomer and ONOO, it was not possible from this data to elucidate the identities of the lesions
formed or even to determine how many adducts were present after reaction. Finding answers
to these questions was necessary in order to determine whether the 8-oxodG/ONOO chemistry
characterized with the deoxynucleoside was consistent with reaction events taking place in
actual DNA. An HPLC-MS experimental strategy was utilized for the characterization of
products from ONOO-treated III (data not shown). Results obtained from these experiments
revealed a product spectrum very similar to the one established in the 8-oxodG/ONOO studies.
Oligomer III (M.W. = 3608.4) quantitatively reacts with ONOO to give 2 major products, A
(M.W. = 3596.4) and B (M.W. = 3570.4). These oligonucleotide products were identified as
12-mers containing 3a-hydroxy-5-imino-3,3a,4,5-tetrahydro- 1H-imidazo[4,5-d]imidazol-2-one
(1, Scheme 2)and cyanuric acid (2a, Scheme 2), respectively, in place of 8-oxoG. A was the
major product at low concentrations of ONOO- (0.24 mM) whereas B was more predominant at
high ONOO concentrations (2.5 mM) suggesting that 1 in DNA can further react with ONOO
to produce cyanuric acid. The HPLC-MS studies described here were performed in
collaboration with Natalia Tretyakova, a postdoctoral associate in this laboratory.
To investigate the reactivity of an 8-oxoG residue in double-stranded DNA,
oligomer III (CCACAACXCAAA) was annealed with its complementary strand to form
oligomer V (Table 3). Treatment of V with ONOO resulted in product formation. However,
product yield in this case was much lower than with single-stranded oligomer III suggesting
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that 8-oxoG is much more reactive when present within the constraints of single-stranded DNA
compared with double-stranded DNA (Figure 8).
An interesting fact concerning formation of 8-oxoG in vivo is that it can pair with either
C or A [24]. In fact, it can exist in two different conformations depending on the identity of the
complementary base. 8-OxoG appears to prefer the anti conformation when it is paired with C
but it is forced into the syn conformation when it pairs with A [24]. This suggested to us that
8-oxoG may exhibit differential reactivity in a double stranded oligomer depending on whether
it is paired with C or A. However, no very significant differences were seen between the two
versions (Table 4).
Previous work has shown that 8-oxodG is at least one thousand times more reactive
than deoxyguanosine towards peroxynitrite [16]. In an attempt to assess the reactivity of
8-oxoG within the constraints of single or double-stranded DNA, competition experiments
were performed using fixed concentrations of oligomer III or V and varying concentrations of
the free 8-oxodG nucleoside. Results indicate that 8-oxoG present within single-stranded DNA
is 1.5 + 0.5 x more reactive than 8-oxoG towards ONOO. However, when 8-oxoG is situated
within a double-stranded oligomer it is 7.5 + 1.5 x less reactive towards ONOO than when it's
present in a single DNA strand.
It is difficult to reach any general conclusions about the relative reactivity of
8-oxoG vs. G in double-stranded DNA from these results. This is because it has recently
been shown that the ability of both G and 8-oxoG to undergo oxidation varies
significantly with DNA sequence [32]. For example, it has been determined
experimentally that G residues situated 5' to a second G are the most easily oxidized [32].
Although free 8-oxodG tends to be more reactive than dG, its chemical behavior in DNA
may differ from this pattern. In fact, photooxidation of oligonucleotides containing
8-oxoG and G at various positions has shown that G oxidation chemistry competes with
8-oxoG chemistry when G is located 5' to 8-oxoG [32]. More strikingly, when 8-oxoG is
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present within the sequence 5'-GGGX-3', reactivity switches from 8-oxoG to the 5'
guanines [32].
So far it is not known whether the secondary oxidation products from the reaction of
8-oxoG with ONOO- exhibit strong mutagenicity or not. One factor that needs to be taken into
account when considering potential mutagenicity of adducts is ease of repair. If an adduct is
recognized and repaired rapidly by one or more DNA repair enzymes, then the probability that,
once formed, it will be present in DNA long enough to be mutagenic is not very high. In
contrast, if no repair enzyme can correct the lesion, then the adduct's persistent presence in
DNA may have severe negative consequences for a cell. This could happen either due to
mutagenic effects or, for example, disruption of DNA polymerase activity if the enzyme is
unable to bypass the lesion during the course of synthesis of new DNA.
Due to the importance of DNA repair pathways in maintaining genome integrity,
we decided to investigate the recognition of 8-oxoG/ONOO adducts by DNA repair
enzymes. Construction of a complete repair profile with all the available bacterial and
mammalian repair enzymes would clearly prove exceedingly difficult and considerably
time consuming. Therefore, we limited our survey to four important enzymes, which are
known to be involved in different aspects of base excision repair: FaPy Glycosylase,
MUTY, Uracil Glycosylase, and Endonuclease III. A summary of the repair activities
exhibited by these enzymes towards the 8-oxoG/ONOO- adducts is presented in Table 5.
However, results obtained from these repair experiments are discussed in greater detail
below.
8-oxoG is considered to have mutagenic potential because it mispairs
preferentially with adenine during replication thus giving rise to G:C --> T:A transversion
mutations [33]. The importance of 8-oxoG formation in cellular DNA is emphasized by
the fact that several repair enzymes for this lesion are present in the nucleus of cells.
These enzymes are best characterized in Escherichia coli and consist of a set of 3
enzymes, MUTM, MUTY and MUTT [24,31]. MUTM (also known as FAPy
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Glycosylase or Fpg) possesses both N-glycosylase and AP-lyase activities. It recognizes
8-oxoG present within double-stranded DNA and catalyzes base excision and subsequent
degradation of the sugar moiety [34]. MUTY is a DNA glycosylase that recognizes the
mispair G:A and excises the inappropriate adenine. Mutations in the MUTY gene of E.
coli substantially elevate the spontaneous frequency of GC - TA transversions [31,33].
In contrast, the Fpg/MUTM protein only poorly excises 8oxoG from 8-oxoG:A mispairs
which makes sense given that excision of 8-oxoG in this situation may lead to the
production of a T:A mutation [31]. MUTT is a triphosphatase that helps maintain the
integrity of the nucleotide precursor pool by catalyzing the hydrolysis of 8-oxodGTP to
8-oxodGMP and inorganic pyrophosphate.
Fpg protein is known to have broad substrate specificity although 8-oxoG is believed to
be its major physiological substrate [35]. Besides 8-oxoG, Fpg also recognizes and excises
other oxidized purines including FAPY-G, me-FAPY-G and abasic sites [36]. Given the
tendency of Fpg to recognize a broad range of substrates, there seemed to be a high probability
that this enzyme may also recognize the 8-oxoG/ONOO- adducts. Figure 9 depicts a Fpg repair
experiment where the 8-oxoG-containing oligomer III (CCACAACXCAAA) was treated with
a high concentration of ONOO (1 mM) before incubation with enzyme at 370 C for 2-h.
Cleavage of product was observed in this experiment, however, it was only partial cleavage as
compared to the control (unreacted) 8-oxoG substrate. This result suggests two possible
scenarios which are not mutually exclusive: (1) the Fpg enzyme can repair the secondary
adduct or adduct mixture but at a much slower rate than the primary 8-oxoG lesion, (2) at least
two products are formed at high ONOO treatment. The products formed may exhibit
differential sensitivity to Fpg protein, in other words, one may be repaired while the other may
be resistant to repair. In order to better understand Fpg activity on these lesions, III was
subjected to a series of treatments ranging from 0-1 mM ONOO and the incubation time with
enzyme was increased to 15-h. Surprisingly, complete repair of adduct is observed at ONOO
treatments up to 100 ptM (Figures 10 and 11). However, at the higher treatment levels of 500
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pM and 1 mM incomplete cleavage is seen. Results from the 8-oxodG/ONOO
deoxynucleoside study [17] along with the MS data discussed above suggest that Fpg
resistance is due to formation of a new adduct, cyanuric acid (2a, Scheme 2) which is only
present at high ONOO concentrations because it is the product of further reaction of 1 (Scheme
2) with ONOO. The adduct's resistance to repair suggests that it may have mutagenic
potential if it has the ability to preferentially mispair with any base besides cytosine. However,
its physiological relevance seems very questionable since it only appears to form at very high
peroxynitrite exposures.
One of the products formed from the reaction of 8-oxodG and ONOO has been
identified as 5-azauracil [21]. This does not appear to be directly formed from the reaction.
The initial product formed at low ONOO treatments, 1, hydrolyzes to 5-azauracil lb (half-life
= 4.8-h). The recognition of 5-azauracil by Fpg, was investigated by leaving ONOO-treated
oligomer III samples (0-100 pM) at room temperature for 48-h before incubation with enzyme
(data not shown). No new resistance to Fpg was detected in these samples thus indicating that
5-azauracil is probably subject to Fpg repair.
As mentioned above, MUTY protein is an adenine-specific DNA glycosylase that
efficiently removes adenine from G:A and 8-oxoG:A mismatches [31]. It is not yet
completely clear whether G:A or 8-oxoG:A is the preferred substrate [35]. Interestingly,
MUTY has been shown to have more sites of interaction with the G or 8-oxoG-strand
than the A-strand [37]. This enzyme, although only indirectly involved in repair of
8-oxoG lesions, has a dramatic impact on reducing the mutagenic potential of 8-oxoG
lesions by preventing the generation of T:A base pairs at the damaged site [31]. Since
this enzyme needs to recognize the presence of an 8-oxoG:A base pair before initiating
the removal of A, it seemed plausible that the conversion of 8-oxoG into secondary
oxidation products may prevent excision of A by this enzyme. However, no reduction in
MUTY repair activity was observed upon incubation of this enzyme with ONOO-treated
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III (low and high treatments) which had been annealed to its complementary strand
containing an A positioned opposite the 8oxoG residue (Figure 12).
The recognition by endonuclease III of 8-oxoG-derived adducts in DNA treated
with ONOO was also explored in this study. Endonuclease III has been shown to cleave
DNA damaged by various agents including X-rays, UV light, osmium tetroxide and acid
pH [31]. It appears to possess both DNA glycosylase and AP lyase activities and acts on
a wide range of oxidized, hydrated and ring-fragmented pyrimidines including thymine
glycol, 5-hydroxy-5-methylhydantoin, 6-hydroxy-5,6-dihydrocytosine and 6-hydroxy-
5,6-dihydrothymine [26,31]. Surprisingly, as can be seen in Figure 13, incubation of
ONOO--treated CCACAACXCAAA (oligomer III, X = 8-oxoG) in its double-stranded
form with endonuclease III resulted in enzyme recognition although only very incomplete
cleavage can be observed. However, increasing the enzyme incubation time to 14-h
instead of 2-h resulted in complete repair of adducts (Figure 14). These results, therefore,
suggest that while endonuclease III can recognize the 8-oxoG/ONOO- lesions, it is very
inefficient at the repair process and probably does not significantly contribute to their
repair in an in vivo setting. This data also suggests the intriguing possibility that perhaps
binding of endonuclease III to the 8-oxoG/ONOO-adducts in DNA may hinder repair of
these adducts by the Fpg enzyme. However, this hypothesis was not further investigated
in this study.
The formation of 5-azauracil (ib, Scheme 2) from ONOO-treated 8-oxodG suggested
to us that, at least, partial repair of the treated oligomer may be accomplished by the enzyme
uracil glycosylase. The primary function of uracil glycosylase in physiological systems
appears to be the removal of uracil from both U:A pairs, which can result from replicative
misincorporation of dUMP, and U:G mispairs, which can arise due to deamination of cytosine
[35]. Recognition and repair initiation of 5-azauracil by uracil glycosylase seemed potentially
feasible due to structural similarities between 5-azauracil and uracil (Figure 16). Since this
enzyme can efficiently repair single- or double-stranded DNA, oligomer III
124
(CCACAACXCAAA) was not converted to its double-stranded form before incubation with
enzyme [25]. Although, uracil glycosylase effectively excised uracil from the uracil-containing
control oligomer to generate an abasic site, it did not show any repair activity towards ONOO-
treated III (Figure 15). This is not very surprising since uracil glycosylase has been shown to
exhibit exquisite selectivity for uracil [26]. Structural studies have revealed that this enzyme
contains a deep and narrow active-site pocket that is specifically designed to allow the
admittance of only uracil bases [26,38]. In fact, the only way uracil can insert into this binding
pocket is to 'flip-out' of the DNA helix [39]. An extensive array of base-protein interactions
within the enzyme active site recognize the exocyclic oxygen 04 of uracil along with the
absence of a substituent at C5 [26]. Although, 5-azauracil contains two exocyclic oxygen
atoms (02 and 06), these are located at different positions within the molecule as compared to
the 04 in the normal uracil base (Figure 16). This rotational difference in atom presentation
between 5-azauracil and uracil may play an important role in the non-recognition of 5-azauracil
by uracil glycosylase.
Spontaneous base depurination in ONOO-treated CCACAACXCAAA (oligomer III,
Table 3) was also investigated in this study. As discussed above, base depurination leads to the
formation of abasic sites which can be indirectly measured by putrescine treatment. Results
obtained from ONOO-treated CCACAACXCAAA (oligomer III) indicate no formation of
abasic sites as no strand breaks were generated upon treatment with putrescine (data not
shown). Putrescine treatment was also carried out on ONOO--treated III samples left at room
temperature for 48-h in order to allow conversion of initial products into final hydrolysis
products. However, even with these samples no cleavage was observed (data not shown).
These results are important as they confirm that Fpg, MUTY, and Endonuclease III enzymes
must be recognizing actual modified base products and not abasic sites which can also serve as
substrates for these enzymes. Furthermore, the 8-oxoG-oligomer studies indicate that reaction
of ONOO- with 8-oxoG in DNA should not result in formation of DNA strand breaks by either
direct or indirect mechanisms.
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Table 1
Contribution of Abasic Sites to Strand Break Formation
Time after
ONOO-
Treatment
12
24
# Strand Breaks/10 6 Bases
- putrescine + putrescine
11
13
14
13
28
27
14 2836
Table 2
Peroxynitrite Reactivity with Deoxynucleosides
% deoxynucleoside
remaining
dG Control
+ ONOO-
dC Control
+ ONOO-
dT Control
+ ONOO-
100 + 5
73+1
100 +2
97+1
100 + 1
98+2
100 +2dA Control
+ ONOO- 97+0
Table 3
Sequence of Oligonucleotides Used in this Study
I. CCACAACTCAAA
II. CCACAACGCAAA
III. CCACAACXCAAA
TCCCGAGCGGCCAAAGGGAGCAG
V CCACAACXCAAA
GGTGTTGCGTTT
where X = 8-oxoguanine
IV.
Table 4
Reactivity Comparison between Double-Stranded DNA Containing
8-OxoG Annealed with either C or A
control
+ 100 M ONOO-
+ 250 pM ONOO-
+ 500 M ONOO-
__ _ _ __ _ _ _ __ _ _ _ .
C-Oligomer
% Damage
It
0
6
11
26
A-Oligomer
% Damage
13
I I
Table 5
CCACAACXCAAA + ONOO- where X = 8-oxoG
Repair Enzyme Profile
Enzyme
4-
FaPy-DNA-glycosylase
Endonuclease III
Uracil Glycosylase
MutY DNA glycosylase
Normal Substrates
AP sites, DNA
containing FaPy
moieties, 8-oxoG
AP sites, oxidized
pyrimidines
DNA containing uracil
G/A mismatches
Activity towards
X-ONOO- adducts
+/-
Figure Legends
Scheme 1. Flow chart outlining the experimental strategy used in this study.
Figure 1. Single-strand break formation in the pUC19 plasmid after peroxynitrite
exposure. A dose response relationship between strand break formation and ONOO-
concentration can be seen in Figure 1. ONOO- treatment was carried out in two different buffer
systems: 150 mM potassium phosphate, pH 7.2 and 150 mM potassium phosphate/25 mM
sodium bicarbonate, pH 7.2.
Figure 2. Fpg enzyme repair of peroxynitrite-treated pUC19 plasmid. Experiments were
performed to investigate the possibility of additional strand break induction by incubation of
plasmid DNA with Fpg enzyme after treatment with ONOO-. Results indicate the presence of
Fpg-sensitive lesions in both sample sets, phosphate/ONOO- (Fig. 2A) and bicarbonate/ONOO
(Fig. 2B). Figure 2C depicts a comparison of direct strand breaks (- Fpg) in phosphate vs.
bicarbonate buffer. Total strand break induction (direct strand breaks + Fpg-induced) in
phosphate vs. bicarbonate buffer can be seen in Figure 2D. Finally, all the data together (from
Figures 2A-2D) is exhibited in Figure 2E
Figure 3. HPLC analysis of the reaction between 8-oxodG and peroxynitrite. To
investigate the reactivity of 8-oxodG with ONOO-, 350 iiM 8-oxodG was treated with
increasing concentrations of ONOO (0-5 mM) in phosphate buffer, pH 7.2. The reaction
mixture was then analyzed by HPLC as described in the methods section (Figure 3A). The
effect of varying the 8-oxodG concentration (0-100 ptM) while holding the ONOO-
concentration fixed at 50 pM is shown in Figure 3B.
Figure 4. The reaction of peroxynitrite with deoxyguanosine, 8-oxodG and 8-
nitroguanine. 100 pM dG, 8-oxodG, and 8-nitroguanine were treated with increasing
concentrations of ONOO- (0-1 mM). Destruction of parent peaks was monitored by
HPLC analysis.
Figure 5. Peroxynitrite-induced oligonucleotide random fragmentation. Oligomers I
and II were 5' end-labeled with [32p] before ONOO treatment (5 mM). After product
separation on a 20% denaturing polyacrylamide gel, results were analyzed by
PhosphorImager analysis. Lane 1. Oligomer I untreated control, lane 2. I (10 pM) +
ONOO, lane 3. Oligomer II untreated control, lane 4. II (10 p~M) + ONOO.
Figure 6. Peroxynitrite-induced oligonucleotide random fragmentation. Oligomer
IV was 5' end-labeled with [32P] before ONOO treatment (10 mM). After product
separation on a 20% denaturing polyacrylamide gel, results were analyzed by
PhosphorImager analysis. The two ONOO-treated lanes are identical
(10 tM IV + 10 mM ONOO).
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Figure 7. Peroxynitrite treatment of 8-oxoG-containing DNA. Oligomer III (10 pM),
a 12-mer containing a single 8-oxoG residue was treated with increasing concentrations
of ONOO (0-100 jM) after being 5' end-labeled with [32P]. Gel separation followed by
PhosphorImager analysis revealed the presence of an additional band after ONOO-
treatment. Lane 1. Oligomer III untreated control, lane 2. III + 25 M ONOO, lane 3. III
+ 50 [tM ONOO, lane 4. III + 100 gM ONOO.
Scheme 2. Flow chart describing product formation from the reaction of 8-oxodG
and ONOO-.
Figure 8. Reactivity comparison between single-stranded and double-stranded DNA
both containing one 8-oxoG residue. Lanes 1-5, single-stranded oligomer III (10 jM)
treated with ONOO. lanes 6-10, double-stranded Oligomer V (10 jM) treated with
ONOO. Lane 1. III control, lane 2. III + 10 jiM ONOO, lane 3. III + 25 M ONOO,
lane 4. III + 50 jtM ONOO, lane 5. III + 100 jiM ONOO, lane 6. V control, lane 7. V +
10 jM ONOO, lane 8. V + 25 jM ONOO, lane 9. V + 50 jM ONOO-, lane 10. V + 100
[tM ONOO-.
Figure 9. Fpg enzyme repair (2-h incubation) of 8-oxoG-containing oligomer
exposed to ONOO-. [32P]-labeled oligomer III was treated with 1 mM ONOO- and then
annealed to its complementary strand. Fpg enzyme was added (500 ng/Vjg DNA) and the
enzyme/DNA mixture was incubated at 370C for 2-h. After product separation on a 20%
denaturing polyacrylamide gel, results were analyzed by Phosphorlmager analysis. Lane
1. control - Fpg, lane 2. control + Fpg, lane 3. + ONOO- - Fpg, lane 4. + ONOO + Fpg.
Figure 10. Fpg enzyme repair (15-h incubation) of 8-oxoG-containing oligomer
exposed to ONOO-. [32P]-labeled oligomer III was treated with varying concentrations
of ONOO- (0-1 mM) and then annealed to its complementary strand. Fpg enzyme was
added (500 ng/jg DNA) and the enzyme/DNA mixture was incubated at 370 C for 15-h.
After product separation on a 20% denaturing polyacrylamide gel, results were analyzed
by PhosphorImager analysis. Lane 1. control - Fpg, lane 2. control + Fpg, lane 3. +
25jiM ONOO- - Fpg, lane 4. + 25 jM ONOO + Fpg, lane 5. + 50 jM ONOO- - Fpg, lane
6. + 50 iM ONOO- + Fpg, lane 7. + 100 [tM ONOO - Fpg, lane 8. + 100 jM ONOO +
Fpg, lane 9. + 500 pM ONOO- - Fpg, lane 10. + 500 jiM ONOO + Fpg, lane 11. + 1000
[tM ONOO- - Fpg, lane 12. + 1000 jiM ONOO + Fpg, lane 13. lbp mw markers.
Figure 11. Fpg enzyme repair (15-h incubation) of 8-oxoG-containing oligomer
exposed to ONOO. Selected samples (- Fpg only) from Figure 10 experiment were
analyzed on a 25% denaturing gel in order to achieve better resolution. Lane 1. + 100
jM ONOO-, lane 2. + 50 jiM ONOO, lane 3. untreated control, lane 4. + 500 tM
ONOO.
Figure 12. MUTY enzyme excision of A placed opposite 8-oxoG in double-stranded
DNA treated with ONOO. [32P]-labeled oligomer III was treated with ONOO (0-1
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mM). Simultaneously, cold oligomer III was treated with varying concentrations of
ONOO- (0-1 mM) and then annealed to [ 32P]-labeled complementary DNA containing
either A or C opposite the 8-oxoG residue. The complementary strand-labeled samples
were then incubated with MUTY enzyme (1 unit/pg DNA) for 4-h at 370C. Product
formation was analyzed by 20% denaturing gel electrophoresis followed by
PhosphorImager analysis. Lanes 1-5: ONOO-treated oligomer - MUTY. Lanes 6-12:
ONOO-treated oligomer + MUTY. Lane 1. control s.s. oligomer III, lane 2. + 50 tM
ONOO-, lane 3. + 100 pM ONOO, lane 4. + 500 pM ONOO-, lane 5. + 1000 jM ONOO
, lane 6. control d.s DNA with C opposite 8-oxoG, lane 7. control d.s DNA with A
opposite 8-oxoG, lane 8. 25 M ONOO-treated oligomer III annealed to A-containing
DNA + MUTY, lane 9. + 50 [M ONOO + MUTY, lane 10. + 100 M ONOO + MUTY,
lane 11. + 500 jiM ONOO- + MUTY, lane 12. + 1000 pM ONOO + MUTY.
Figure 13. Partial repair by Endonuclease III of 8-oxoG-containing oligomer
exposed to ONOO-. [32P]-labeled oligomer III was treated with ONOO (0-1 mM),
annealed with complementary DNA and incubated with Endonuclease III (1 unit/jig
DNA) for 2-h at 370C. Repair product formation was analyzed by 20% denaturing gel
electrophoresis followed by PhosphorImager analysis. Lane 1. control d.s. oligomer III +
Endo III, lane 2. + 25 jM ONOO + Endo III, lane 3. + 50 tM ONOO- + Endo III, lane 4.
+ 100 jM ONOO- + Endo III, lane 5. + 500 pM ONOO + Endo III, lane 6. + 1000 jtM
ONOO- + Endo III. Lanes 7-9: positive control lanes for Endo III. Lane 9. control uracil-
containing oligomer, lane 8. uracil oligomer + uracil glycosylase, lane 7. uracil oligomer
+ uracil glycosylase + Endo III.
Figure 14. Complete repair by Endonuclease III of 8-oxoG-containing oligomer
exposed to ONOO-. This experiment was performed exactly as the one described in
Figure 13 except that the incubation time with enzyme was increased to 14-h. Lane 1-3:
positive control lanes for Endo III, lanes 4-9: ONOO--treated oligomer III + Endo III,
lanes 10-15: ONOO-treated oligomer III. Lane 1. uracil oligomer, lane 2. uracil
oligomer + uracil glycosylase, lane 3. uracil oligomer + UG + Endo III, lane 4. control
d.s. oligomer III + Endo III, lane 5. + 25 jiM ONOO + Endo III, lane 6. + 50 jM ONOO-
+ Endo III, lane 7. + 100 tM ONOO + Endo III, lane 8. + 500 jtM ONOO + Endo III,
lane 9. + 1000 jM ONOO + Endo III, lane 10. control d.s. oligomer III, lane 11. + 25
ptM ONOO, lane 12. + 50 ptM ONOO, lane 13. + 100 jtM ONOO, lane 14. + 500 jtM
ONOO-, lane 15. + 1000 [tM ONOO.
Figure 15. Non-repair of ONOO-18-oxoG adducts by uracil glycosylase.
[32P]-labeled oligomer III was treated with ONOO (0-1 mM) and then incubated with
uracil glycosylase (1 unit/jtg DNA) for 4-h at 370C prior to gel electrophoresis and
PhosphorImager analysis. Lanes 1-3: positive control lanes for uracil glycosylase, lanes
4-9: ONOO-treated oligomer + UG. Lane 1. untreated uracil oligomer, lane 2. uracil
oligomer + UG, lane 3. uracil oligomer + UG + Endo III, lane 4. control s.s. oligomer III,
untreated, + UG, lane 5. + 25 jiM ONOO- + UG, lane 6. + 50 jM ONOO + UG, lane 7.
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+ 100 tM ONOO + UG, lane 8. + 500 [LM ONOO + UG, lane 9. + 1000 jiM ONOO +
UG.
Figure 16. Comparison of 5-azauracil (I) and uracil (II) structures.
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Peroxynitrite-induced Oligonucleotide Fragmentation
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MUTY Excision of A from Opposite 8-OxoG/ONOO Adducts
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Non-Repair of 8-OxoG/ONOO- Adducts by Uracil Glycosylase
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5. Conclusions
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Conclusions
Nitric oxide, produced by several cell types in vivo, is a potentially toxic molecule
due to the reactivity of its unpaired electron. Three main processes (diffusion, oxidation
to form N 20 3, and reaction with superoxide to form ONOO-) control the fate of NO' in
biological systems. Although NO' is involved in several aspects of intracellular
communication, it may also play a role in tissue damage, cell death, mutagenesis and
carcinogenesis. In fact, overproduction of NO' has been implicated in certain chronic
disease states such as rheumatoid arthritis and inflammatory bowel disease.
The overall objective of this thesis was to better understand the physiological
effects of nitric oxide and peroxynitrite. As mentioned above, exposure of cells to NO'
may lead to cell death. Extensive research was carried out to investigate the specific
damage processes triggered by NO' that could ultimately result in toxicity. Results
obtained from this study suggest that NO'-induced cell death may be activated via diverse
pathways including DNA synthesis inhibition, mitochondrial inactivation, cell membrane
lysis, cell cycle arrest, DNA strand break formation and apoptosis. Interestingly,
sensitivity to NO' was observed to vary depending on cell type. Furthermore, the
mechanism of cell death may also differ between cell types. For example, NO treatment
caused mitochondrial damage in TK6 cells but not in CHO-AA8 cells.
Peroxynitrite, although not a free radical, is considered to be much more reactive
than nitric oxide. Formation of ONOO_ in vivo can occur wherever nitric oxide and
superoxide are produced simultaneously and in close proximity. In addition to the NO'
toxicity study, this thesis also focused on examining the impact of ONOO- on DNA
(deoxynucleosides, oligonucleotides, and plasmid DNA). Results suggest that
peroxynitrite can react with both the sugar and base moieties of DNA. Single-strand
breaks may arise either from direct sugar damage or indirectly through the depurination
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of unstable base modifications such as 8-nitroguanine. Out of all four deoxynucleosides,
deoxyguanosine was found to be the most reactive towards peroxynitrite. Interestingly,
bicarbonate-derived carbon dioxide was found to influence ONOO/DNA chemistry by
inhibiting sugar fragmentation while simultaneously enhancing base damage.
Furthermore, ONOO/oligonucleotide studies indicate that the oxidized base product,
8-oxoG, may be the main target of ONOO in cellular DNA. The most important enzyme
for the repair of these 8-oxoG/ONOO adducts appears to be Fpg, which acts on 8-oxoG
as its primary substrate. Taken together, the information presented in this thesis should
provide new insights, along with an enhanced understanding, of the fate of nitric oxide
within a cellular environment.
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Sueaestions for Future Research
The research projects presented in this thesis, NO'-induced toxicity and ONOO-
DNA damage chemistry, both exhibit strong potential for future studies. The
involvement of the p53 gene in regulating NO' toxicity would be an interesting avenue of
future research. During the course of this work, TK6 cells were found to be more
sensitive to NO' exposure than CHO cells. Interestingly, TK6 cells are known to possess
wild-type p53 activity as opposed to CHO-AA8 cells which have an inactive or mutated
p53 gene. Nitric oxide has been reported to induce p53 expression, however the precise
contribution of p53 gene activation towards TK6 susceptibility to NO' has not yet been
determined. Along the same lines, prevention of and protection against NO'-induced cell
death by antioxidants such as ascorbate and vitamin E is another important parameter that
deserves further consideration. It would also be interesting to conduct a similar detailed
toxicity study with ONOO in order to obtain additional information on how the cellular
effects of ONOO- differ from exposure to NO* alone.
Although more progress is required to completely understand toxicity from nitric
oxide, the area of work that probably holds the most potential for future research is
peroxynitrite-induced cellular damage. The discovery that 8-oxoG is an important target
of ONOO- in DNA is fascinating but whether this reaction actually occurs in vivo is not
yet known. Furthermore, crucial information concerning the mutagenic potential of the
various 8-oxoG/ONOO adducts still needs to be obtained. Site-specific mutagenesis
experiments, as well as primer extension polymerase assays should prove very useful in
addressing this vital issue. Another pressing concern that requires immediate attention is
the measurement of 8-nitroguanine levels in ONOO-treated DNA. The attainment of this
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objective will provide valuable information on the origin of abasic sites and Fpg-sensitive
lesions in plasmid treated with peroxynitrite. Although this thesis provides much useful
information on ONOO- DNA damage chemistry, it has barely even scratched the surface
of an important research area that must be explored-the details surrounding ONOO--
induced sugar fragmentation.
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